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Introduction

The SUPERPAVE system introduced the
concept of performance-based binder selection
process, in which the binder is required to satisfy
certain performance-based criteria within a
temperature range of interest and traffic
conditions that are specific to the pavement
location. The temperature range of interest
depends on the yearly maximum and minimum
air and pavement temperatures occurring at the
location.

To validate the SUPERPAVE Binder
Selection Program and to provide data for long
term field validation of the SUPERPAVE
methodology, SPS9-A sites were constructed in
different parts of the country. Indiana’s SPS9-A
site was one such study, in which six different
test sections were constructed at a 2.5-km long
study site. Four of test sections (S-64-28, S-58-
28, S-70-28 and S-70-28) were built with the
same job-mix formula (JMF), but with different
binder grades. PG64-28 was the recommended
binder grade based on weather and expected
traffic conditions at the site. To evaluate the
influence of binder grade on the rutting
performance, PG58-28 and PG70-28 were used
in two of the test sections. PG64-16 was used in
one section to study the influence of binder
grade on low-temperature cracking. In addition
to these four sections, one section (M-AC-20)
was built with AC-20 using Marshall mix design
to compare the performance of the older mix
design methodology with the newly introduced
SUPERPAVE. Finally, 15% recycled asphalt

Findings

The results of field distress surveys at the
end of 3.5 years indicated moderate transverse
cracking in the section with the modified binder
(S-70-28) and S-64-16. Minimal amount of

pavement (RAP) was added to section (R-15%)
with PG64-28 binder to evaluate the
performance of RAP in comparison with the
non-RAP control mixture and the other
SUPERPAVE mixtures.

SUPERPAVE performance tests were
conducted on plant-mix samples compacted to
7% and 3% air voids. These tests included creep
compliance, indirect tensile strength, frequency
sweep at constant height, simple shear at
constant height and repeated shear at constant
height. The parameters obtained from these
tests; creep compliance, indirect tensile strength,
critical pavement temperature, complex shear
modulus, maximum shear deformation and
permanent strain; were used to assess the relative
performance of the mixtures.

Core samples were obtained from the field
at six-month intervals and the layer thickness,
percent air voids and binder content of these
mixtures were determined. The binder from the
surface layer was extracted and recovered in
order to study the change in binder properties
with age of the pavement. The properties of the
recovered binders studied were penetration,
viscosity, complex modulus, creep stiffness,
fracture stress and failure strain.

In addition, distress surveys were conducted
to evaluate the pavement condition at the end of
1.5 and 3.5 years. The distress surveys included
transverse profiling, photographic surveys and
manual surveys.

transverse cracking was observed in M-AC-20,
S-64-28 and R-15%. S-58-28 exhibited no
thermal cracking at the end of 3.5 years. In
terms of longitudinal cracking, all sections
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except the Marshall section (M-AC-20)
exhibited moderate amount of cracking in the
wheel path and outside the wheel path. Marshall
section did not exhibit any longitudinal cracking,
while S-64-16 exhibited the highest amount of
longitudinal cracking.  All sections showed
minimal amount of rutting. S-64-28 showed the
highest rut depth in comparison with the other
sections. M-AC-20 showed the least amount of
rutting. R-15% and S-70-28 showed “heaving”
in the left wheel path of the driving lane.

Volumetric data from the field core samples
obtained during the study period showed that the
control section (S-64-28) had low initial air
voids, which caused the air voids to drop below
3% at the end of one year. This could explain
the higher degree of rutting observed in this
section. Uniform mat thickness was indicated by
surface and intermediate layer thickness data
obtained from the cores. Neither excessive
binder content, nor significant differences in
binder content were observed between the
SUPERPAVE test sections.

Most of the binder tests indicated binder
stiffening with age, as expected. Penetration
tests indicated that severe cracking may be
expected in M-AC-20, R-15%, S-70-28 and S-
64-16. While S-70-28 and S-64-16 did exhibit
moderate cracking, M-AC-20, R-15% and S-64-
28 showed only nominal amount of cracking.

Implementation

These results show that increasing the
binder high-temperature grade from PG58-xx to
PG64-xx based on expected traffic volume was a
necessary step to improve the rut resistance of
mixture. Sections with PG64-xx and PG70-xx
showed better rut resistance than section with
PG58-xx, with the exception of S-64-28, the
poor performance of which was probably a result
of the low initial air voids. This emphasizes the
point that even when the aggregates and binders
used in construction are adequate for
environment and expected traffic, improper
placement could lead to premature pavement
distress.

Section with PGxx-16 performed poorly in
terms of thermal cracking as expected. Sections
with PGxx-28 and PGxx-22 showed lower
amount of thermal cracking in comparison,
except for PG70-28. The section with the lowest
binder viscosity, PG58-28, showed no low-
temperature cracking, while the section with the

The maximum passing high temperature
determined from the Dynamic Shear Rheometer
showed an increase with time in most of the
binders, except for PG58-28. This increasing
trend indicates an improvement in the rut
resistance of the mixtures, which was validated
by the minimal amount of rutting observed in the
test sections. The relatively higher degree of
rutting observed in S-64-28 may be attributed to
the low in-situ air voids observed in the initial
set of field cores and early-on in the life of the
pavement. High degree of correlation was seen
between critical temperature estimates obtained
from Bending Beam Rheometer and AASHTO
PP42 method.

Creep compliance and indirect strength tests
predicted thermal cracking in M-AC-20 and S-
64-16, since the critical mixture temperature was
warmer than the minimum pavement temperature
observed at the site. However, some cracking
was also observed in S-64-28, S-70-28 and R-
15% to varying degrees, which was not predicted
by critical mixture temperature estimates, at the
two air voids levels tested. The higher rut depths
observed in S-64-28 and S-58-28 was indicated
by the higher amounts of plastic strain observed
in the repeated shear test.

highest binder viscosity, PG70-28, showed the
highest amount of low-temperature cracking.
Although the low-temperature grade was the
same in both cases, binder viscosity appears to
play a significant role in determining the
resistance of pavements to thermal cracking in
service.

Permanent strain values obtained from
repeated shear testing appears to be a better
indicator of rutting performance in the field than
complex shear modulus (|G*|) from frequency
sweep testing. All the mixtures satisfied the
minimum |G*| limit of 250 MPa at 10 Hz and
40°C, and showed nominal amounts of rutting in
the field.

Based on the limited testing on unmodified
and modified binders in this study, BBR tests on
recovered binders appear to be adequate in
predicting the low-temperature performance of
the pavements.
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CHAPTER 1 -- INTRODUCTION

The SUPERPAVE system introduced the concept of performance-based binder
selection program, in which the binder chosen for a particular site was required to satisfy certain
performance-based criteria within a specified temperature range and traffic conditions that were
specific to the site (location). The temperature range of interest depends on the yearly maximum
and minimum air and pavement temperatures occurring at the site based on historical data
collected at or in the vicinity of the test site. The greater the expected pavement temperature
range, the more likely it is that the binder selected will be a modified binder.

After the initial introduction of the SUPERPAVE Binder Selection program, the
low pavement temperature prediction model was found to be too conservative. This model
assumed that the minimum temperature occurring at the pavement surface was equivalent to the
minimum air temperature. This was found to be seldom true, particularly at higher latitudes. This
led to further refinement of both the high and low pavement temperature models based on data
collected by the Seasonal Monitoring Program (SMP). While these models were a significant
improvement over the previous models, the difference between predicted and measured
maximum pavement temperatures were observed to vary by as much as 10°C in some cases.
Since this difference could result in choice of a higher high-temperature binder grade or a lower
low-temperature binder grade than actually needed, the increasing costs of modified binders
make it necessary to estimate pavement temperatures more accurately. A pavement built with
mixtures that satisfied the SUPERPAVE mix design guidelines would then be expected to
perform satisfactorily in-service in terms of low-temperature cracking and rutting during the life of

the pavement.



1.1 Purpose of the Study

The purpose of this study was to investigate the influence of binder properties
(grade) and mixture properties on the thermal cracking resistance and rutting resistance of
asphalt mixtures. This was done in three parts; in the first part, six test sections were constructed
as a part of Indiana SPS9-A experiment as described in Chapter 3. Field core samples were
collected from the six test sections at six-month intervals for a period of two years. In addition, a
final set was obtained at the end of 4 years. The volumetric properties of these cores were
measured, after which the binder was extracted from the surface layers and subjected to a suite
of binder tests. In the second part, performance testing was conducted on laboratory-compacted
plant mixture samples and the virgin binder samples collected at the time of construction. And
finally, field performance of the test sections was evaluated by distress surveys conducted over a

period of 4 years.

1.2 Objective and Scope of the Study

The objective of this study was to quantify the effect of binder grade on thermal
cracking and permanent deformation (rutting) of asphalt pavements by correlating the results of
binder and mixture tests to the field performance of these mixtures. The secondary objective was
to evaluate the validity of the existing temperature prediction models for assessing the
susceptibility of the given binder to low-temperature cracking and rutting. The binders used in
this study were

AC-20,
PG64-28,
PG58-28,
PG70-28 and

PG64-16.



Finally, a comparison will also be made between the performance of the “control”
SUPERPAVE test section and the Marshall test section and between the control section and the

recycled asphalt pavement (RAP) section.

1.3 Organization of the Report

The first two chapters of this report cover the scope, objectives and literature
review of this study. Chapters 3 and 4 deal with the layout and construction of the test sections
and the field evaluation of the sections. In addition to construction details, Chapter 3 also
contains details about the installation of the weather station and the traffic station, the material
selection, and results of quality control tests on asphalt mixture and binder samples obtained at
the time of construction. Chapter 4 deals with the pavement distress surveys conducted and
presents the summary of field performance findings.

Chapters 5 and 6 present the results of the tests performed in the laboratory on
compacted mixture samples, field cores and binders recovered from the field cores at different
time intervals. In Chapter 7, the results from field and laboratory evaluations are compared and
correlations are attempted with observed field performance. The report concludes with the

summary and conclusions presented in Chapter 8.



CHAPTER 2 -- LITERATURE REVIEW

2.1 Introduction

The SUPERPAVE system was developed as a result of extensive asphalt
research conducted by Strategic Highway Research Program (SHRP) (1) and uses a
performance-oriented approach to material selection and mix design and analysis. In this
approach, the binder and mixture selection process takes into account the environmental
conditions (e. g., pavement and air temperatures) and traffic volume occurring at the pavement
site. Binder selection process is specific to site location and requires that the binder selected
passes a specified sequence of tests that evaluate its fundamental engineering properties
believed to be related to pavement performance. This, combined with site-specific weather and
traffic data, ensures that the selected binder will provide adequate performance under the project
specific loading and environmental conditions.

The SUPERPAVE aggregate gradation requirements are designed to promote
stone-to-stone contact and better interlocking between aggregate particles. This is done by
blending crushed aggregate (having angular structure) and limiting the amount of fines
(aggregate smaller than 2.36 mm) in the hot mix asphalt (HMA). Pavements built according to
SUPERPAVE specifications and methodology are expected to exhibit better long-term field
performance with respect to permanent deformation, fatigue cracking and thermal distress (low-
temperature) in comparison with pavements built using empirical specifications and design
methodology.

The SUPERPAVE binder selection program ensures that the chosen binder
performs satisfactorily within the specified temperature range expected at the location. A

specified binder viscosity not only ensures that the aggregate particles are completely covered



with the binder during the mixing process, but also ensures that the HMA has sufficient viscosity
for proper compaction in the field. While the aggregate skeleton provides shear resistance and
strength to the mixtures at high temperatures, the low temperature behavior of bituminous
mixtures is largely dependent on the binder properties.

The behavior of HMA mixture is dependent on the temperature, loading, and
aging conditions. When bituminous mixtures are subjected to low-temperatures, high frequency
loading cycles and low load levels, they behave as linear, visco-elastic material. Under warm
temperatures, high load-levels and slow-loading rates, they behave as non-linear, visco-
elastoplastic materials (2, 3). Pavement performance prediction models require the complete

characterization of asphalt mixture’s non-linear elastic, plastic and visco-elastic properties.

2.2 Types of Pavement Distress

Some of the commonly observed forms of distress in asphalt concrete
pavements include permanent deformation (rutting), cracking (load and non-load related),
stripping, ravelling, bleeding, shoving, etc. Load-related cracking observed in pavements may be
due to the application of repeated loads (fatigue cracking) or simply due to the application of
excessive heavy loads and high tire pressures (longitudinal cracking) on pavements with
insufficient thickness, i. e., inadequate structural design. Non-load related cracking may be a
result of (a) reflective cracking due to a cracked underlying pavement surface, (b) thermal
stresses developed in the pavement due to variations in temperature, (c) age hardening of the
binder due to loss of volatiles, (d) insufficient adhesion between the surface asphalt mix and the
underlying layer (slippage) (4), or (e) a combination of these factors. Propensity for these forms
of distresses (non-load and load related) can be reduced through proper design, material
selection and construction process. Figures 2.1 and 2.2 show examples of thermal cracking and
rutting observed in HMA pavements. Since the main objectives of this study were to validate the
SUPERPAVE binder selection program and to evaluate the influence of binder grade on thermal

cracking and permanent deformation (rutting), only these two types of distress will be discussed.



e

Pt

v.;{

o

et
e
S

b

L S ! .
e

Figure 2.1 -- Thermal cracking observed in an HMA pavement (4)

Figure 2.2 -- Rutting observed in an HMA pavement (4)



2.3 Mechanism of Low-Temperature Cracking

Pavement surfaces are subjected to significant temperature variations, both daily
and seasonal. Repeated heating and cooling cycles result in thermal stress build-up in the
pavement layers. Shrinkage during a cooling period is restrained due to friction with underlying
layers. This imparts tensile stresses to the asphalt layer, the stresses being greatest at the
surface, where temperature changes are largest, and decrease with depth where the
temperatures changes are lower (5, 6). The tensile strength of an HMA mixture at low
temperature depends primarily on the ability of the asphalt binder to withstand tensile stresses
without cracking. Binders exposed to environmental conditions in the field undergo hardening
with age (due to oxidation and loss of volatiles) and become more brittle. When the thermal
stresses in the pavement exceed the tensile or fracture strength of the binder, micro-cracks are
formed in the binder phase of the pavement. Repeated daily heating and cooling cycles cause
thermal fatigue in the pavement and further propagate the crack development and widening. In
addition, these cracks can be subsequently widened by traffic loads. A well-chosen asphalt
would be able to retain adequate elastic behavior at low temperatures, and allow for the

pavement to relax stresses developed in the pavement layers without undergoing cracking.

2.4 Factors Influencing Thermal Cracking

Haas et al. (7) broadly classified the factors affecting low-temperature cracking
into six categories; (a) climatic effects, (b) asphalt binder properties, (c) mix design/properties, (d)
pavement design, (e) construction effects and (f) pavement age and traffic effects. Of these, they
found that the main factors that influence thermal cracking were a combination of climatic effects,
characteristics of the bituminous components, layer thickness and pavement age. Climatic or
environmental conditions include the influence of the air and pavement temperature at the
pavement location and the average cooling rate in the surface layer of the pavement. The binder
properties that influence the susceptibility of the pavement to thermal cracking are binder stiffness

and elasticity at low temperatures and its fracture strength. The binder used in the pavement



strongly influences the low temperature mixture properties such as the fracture strength,
coefficient of thermal expansion and its stiffness behavior with temperature. Pavement design
factors such as pavement thickness and type of subbase and subgrade soils influence thermal
cracking to a lesser degree than the binder properties. Finally, the age of the pavement and the
expected traffic volume during the service-life of the pavement are also important factors that
should be considered during the design of an HMA pavement.

In the following sections, the factors influencing thermal cracking will be divided
into four groups; (a) Environmental, (b) Binder and Mixture Properties (c) Subgrade and (d) Other

Factors.

2.4.1 Environmental Factors

The range of maximum and minimum temperature occurring in the pavement has
a strong influence on the occurrence of thermal cracking in the field. With the introduction of the
SUPERPAVE Binder Selection program, the design high and low air temperatures and hence the
expected pavement temperatures occurring at the test site are crucial to the binder selection
process. As a part of the Strategic Highway Research Program, high and low pavement
temperature algorithms were developed based on the air temperature and latitude at the test site
(8). A conservative approach was adopted in the original SHRP low temperature model, by
assuming the minimum pavement temperature (Tminpvmy) to be equal to the minimum air
temperature (Tminain). For example, a PG64-28 binder was expected to perform satisfactorily (at
a specified reliability level), as long as the low air temperature (and hence the low pavement
temperature) did not fall below -28°C. At temperatures below -28°C, the binder is believed to lose
its flexibility and exhibits brittle behavior leading to cracking in the pavement. The original SHRP
low temperature model was later revised when air and pavement data collected indicated that the
minimum pavement temperature was about 5 to 10°C warmer than the minimum air temperature.

Vinson et al. (6) observed higher incidence of cracking in pavements when the

pavement temperature dropped below the glass transition temperature (Tg) of the binder for



extended periods. Rapid cooling rates occurring in the pavement due to sudden transition in
surface temperature also appeared to yield higher incidence of thermal cracks, even if the low-
temperature grade of the binder selected was appropriate for the location. This is due to a slower
rate of stress relaxation in comparison with the rapid cooling rate of the pavement. At
temperatures above the T, the HMA mixture behaves as a visco-elastic solid. The stress
relaxation phenomenon does not occur (or is negligible) when the temperature falls below the T,
where the mixture behaves as an elastic solid; which in turn leads to cracking in the pavement (9,
10). Mixtures maintained at temperatures warmer than the T4 exhibit stress relaxation at a higher
rate than the rate of thermally-induced stresses and show better resistance to low-temperature

cracking.

2.4.2 Binder and Mixture Properties

Binder properties are among the most significant factors influencing the
performance of HMA mixtures at low temperatures. Before the introduction of the SUPERPAVE
performance grading system, binders were either viscosity graded or penetration graded. The
binder was called “soft” or “hard” depending on its penetration value and/or its viscosity. High
penetration numbers and low viscosity values indicated soft binders. Soft binders are less
temperature susceptible and perform better at low temperatures as they exhibit smaller gains in
stiffness with decreasing temperatures and hence tend to be more resistant to thermal cracking
(6). Penetration values at low temperature (4°C, 200 g for 5 s) were found to be a strong
indicator of mixture performance in terms of thermal cracking resistance (11). In the performance
grading method, the more extreme the low or high temperature grade of the binder, the harder
the binder was likely to be.

Binder properties depend largely on the crude source and the refining techniques
used to obtain the binders. It was observed that air blowing refining technique produces the least

temperature susceptible asphalts, whereas solvent extraction produces the most temperature
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susceptible asphalts. The temperature susceptibility of asphalts obtained from simple distillation
falls in between the air blowing technique and the solvent extraction technique (11).

A joint study (12) was conducted by the states of Wisconsin, lowa and
Minnesota, to evaluate the influence of using soft binders (PG52-34, PG52-40 and PG58-40) on
the performance of new pavements and HMA overlays. Preliminary distress surveys conducted
at the end of 2 years (one year, in some cases) showed a significant reduction in the amount of
reflective cracking observed in the rehabilitated pavements in comparison with pavements built
with local conventional mix designs. The new projects constructed using SUPERPAVE mix
design methodology showed zero to minimal thermal cracking, unlike the conventional test
sections.

Since the stiffness of the HMA mixtures depends strongly on the stiffness of the
binder used, the use of softer binders result in softer mixtures. Faab’s (13) investigation into the
effect of binder and mixture properties on thermal cracking indicated that cracking occurs when
the stiffness of the binder reaches a critical value regardless of its initial stiffness value. Haas
and Phang (14) suggested that crack resistant mixes could be developed by using binders with
lower stiffness (softer binders) or by using modified binders designed to retain their elastic
behavior at low temperatures.

The use of modified binders to improve the low-temperature field performance of
pavements was studied by Anderson et al. (15). They noted that elastomer-modified and fiber-
modified mixtures performed better than plastomer-modified mixtures and unmodified mixtures, in
terms of cracking observed in the field. When observed, the poor performance of pavements was
attributed to stiffening of the binders and the resulting brittleness of the mixtures. Comparison of
critical temperatures obtained from Indirect Tensile Strength (IDT) testing correlated better with
Bending Beam Rheometer (BBR) estimates rather than with Direct Tension (DT) estimates
(conducted at 1% strain rate).

The concept of critical cracking (or fracture) temperature (T.) is widely used by

asphalt researchers to define the minimum temperature that a HMA pavement can withstand
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before cracking (fracturing). It is assumed that cracks develop in the HMA pavement when the
temperature of the pavement falls below the T, of the binder. At or below this temperature, the
binder loses its flexibility and causes the pavement to undergo cracking due to the thermal
stresses resulting from falling temperatures.

Anderson et al. (16) also conducted tests on five modified PG70-22 binders and
compared the mixture stiffness with the corresponding binder stiffness at two test temperatures.
The researchers observed poor correlation between binder stiffness and mixture stiffness at both
test temperatures. However, good agreement was observed between fracture temperature
estimates of mixtures obtained from IDT data and critical temperature values obtained from BBR
tests for the binders used in this study. The same was not true for critical temperature estimates
from the m-value. Their results also indicated that not all PG70-22 binders exhibit similar
performance and that the method of producing the modified binders might influence their
performance.

Instead of binder stiffness values, Hoare and Hesp (17) suggested using fracture
energy of notched binder specimens to predict critical cracking temperatures and pavement
performance. They observed that fracture energy was truly a material property, independent of
specimen size and geometry. The addition of elastomers to binder was observed to increase the
fracture properties of the binder at low temperatures, whereas the addition of plastomers caused
a slight decrease in the fracture properties of the binder.

The importance of fracture properties of binders at low temperatures was also
studied by Anderson et al. (18). They determined the critical cracking temperatures of binders
with different percentages of modifiers using different methods, such as Direct Tension (DT), BBR
and fracture toughness. No significant differences in critical temperature estimates were obtained
from BBR and DT methods. However, the ranking obtained using fracture toughness values
were different from that obtained using BBR and DT limiting criteria. In addition, they did not find

any correlation between fracture toughness and failure stress or strain.
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The influence of Ty of the binder and hence, the T, of the mixture on the low
temperature behavior of HMA mixtures was studied by Schmidt and Santucci (19). The glass
transition temperature plays a significant role in the coefficient of thermal expansion (a) of the
binder (a,) and the mixture (amix), which is used in estimation of the thermal stresses in the binder
and resulting mixture. The value of a, below T4 was found to be typically different from the value
at temperatures warmer than Tg. The commonly used value for amix based on assumption of
isotropic material was 2 to 2.5 x 10°/°C. However, a later study (20) has shown that this value is
underestimated by a factor of two or three, resulting in underestimation of the thermal stresses by
the same factor.

Haas and Phang (14) observed that am,x and mixture stiffness were highly
dependent on temperature and cooling rate. Lower values of a.; were beneficial for a crack-
resistant mixture. They suggested that a,x could be lowered by modifying the aggregate
gradation. Gap-graded mixtures have lower a.x compared with dense-graded mixtures. They
noted that the influence of mixture characteristics on thermal cracking can be determined in the
laboratory by closely simulating the cooling rate and minimum temperature that occur in the field.

The influence of cooling rate on induced thermal stresses and fracture strength
was studied by Bahia et al. (21) and by Dongreé et al. (22). They observed that ignoring the effect
of cooling rate on the induced thermal stresses resulted in overestimation of the mixture fracture
temperature by as much as 3 to 4°C. Whereas, ignoring its effect on both thermal stresses and
fracture strength, overestimated the fracture temperature by as much as 6 to 7°C.

Dongré et al. (22) compared the critical temperatures estimated by BBR testing,
from Thermal Stress Analysis Routine (TSAR™) (23) and from Thermal Stress Restrained
Specimen Test (TSRST) on mixtures and found good agreement in most cases. They also found
good correlation between the critical temperatures predicted by these methods and the thermal
cracking observed in the field.

Leahy et al. (24) conducted TSRST on mixtures, to relate binder properties to low

temperature characteristics. These researchers concluded that fracture temperature, fracture



13

strength, slope of thermal stress curve and transition temperature were the most influential
factors on predicting thermal cracking, as was also shown elsewhere (25). High correlation was
found between fracture temperature and m-value of the binder (BBR test) and temperature at
limiting stiffness. As the degree of aging of the mixtures was increased, the fracture temperature
of the mixtures was also observed to increase.

The effect of the differential thermal expansion and contraction of asphalt and
aggregate on fracture strength of mixtures was studied by El Hussein and El Halim (26), who
theorized that the increase in strength at low temperatures was due to improved bond between
asphalt and aggregate resulting from development of radial compressive stresses. However,
they noted that prolonged exposure to low temperatures decreased the strength performance of
the mixtures, whereas short-term exposure to low temperatures improved the strength
performance. The commonly observed drop in tensile strength after reaching a peak value with
decreasing temperature was attributed to the development of micro-cracks in asphalt matrix due
to high tensile stresses.

While low mixture stiffness (i. e., higher compliance) provides better resistance to
the low temperature cracking, high strength provides better resistance to fracture at low
temperature when subjected to high traffic loads. Fortier and Vinson (10) observed a linear
relationship between fracture strength and fracture temperature. Aging decreased the fracture
strength and increased the fracture temperature of the HMA mixtures. The rate of stress build-up
was also observed to decrease. They also noted that binder (BBR) testing alone was not
sufficient to capture the influence of modifiers used on the binder properties and recommended
accompanying binder tests with mixture testing.

A typical value of fracture strength of HMA mixtures is around 2.8 MPa (400 psi).
Roque and Ruth (27) reported that cracking was observed in pavements (or was imminent) when
the thermal stresses in the pavement exceed 55 - 60% of the fracture strength. Pavements, in
which the thermal stresses never exceeded 30% of the fracture strength, were observed to show

good performance with minimal or no cracking.
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Tests conducted at Oregon State University (28) using TSRST indicated that air
void content and aggregate type had a significant influence on the fracture strength. In addition,
the researchers also found that larger test samples had lower fracture strengths and colder
fracture temperatures compared with smaller test samples. Mixture fracture temperature was
strongly influenced by aging and asphalt content.

Mohammad and Paul (29) also found that the indirect tensile strength of HMA
mixtures was dependent on type of asphalt and air void content, but independent of mixture type
(similar gradation, different source aggregate) and test device.

In addition to fracture strength, the influence of failure strain or elongation on
thermal cracking was recognized and studied by researchers (21, 30 - 32). Failure strain
represents the ductility or brittleness of a binder and it dependent on the cooling rate. It was
found to be more sensitive to temperature changes than the failure stress. Above the T, failure
strain decreases and failure stress increases with decreasing temperature. Below the T, the
failure strain continues to decrease whereas failure stress levels off. In contrast with failure
strain, thermal strain was independent of thermal history. It was dependent only on initial
temperature and current temperature.

Buttlar and Roque (33) conducted testing of HMA samples in the indirect tensile
mode to study the accuracy of creep compliance (D(t)) and Poisson ratio values (u) obtained from
IDT testing. This study also served to evaluate the SHRP measurement and analysis system for
IDT testing at low temperatures. Laboratory prepared mixtures with known properties, as well as
field cores, were tested and analyzed as a part of this evaluation. They found that D(t) and y
values obtained from IDT were in agreement with expected trends. Mixtures with higher air void
content had lower y and higher D(t) values. Mixtures with softer asphalts tested at higher
temperatures showed higher compliance values and vice versa. Rather than using the common
default values for Poisson’s ratio in the prediction models, the researchers recommended the use

of values measured directly from specimens during testing.
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2.4.3 Subbase and Subgrade

The effect of subgrade, base and subbase soil on thermal cracking, rutting and
fatigue cracking was discussed by May and Killingsworth (34). They noted that the type of
subgrade soil did not significantly influence the low temperature cracking. They also noted that
clayey soils (e. g., AASHTO A7 soils) performed better in fatigue in comparison with sandy soils
(AASHTO A1). This trend was opposite in terms of rutting performance, where pavements over
A5 and A7 type soils experienced more rutting than pavement over A1 soils.

Cracking observed in pavements can either extend only in the surface layer of
the pavement or extend into the underlying base layers as well. Cracks that extend along the
width of the pavement and into the shoulder are thought to occur due to the contraction and
expansion of the subbase, base and subgrade layers, rather than due to the expansion and
contraction of the pavement surface layer (6). These latter types of cracks were observed to be
at least a few centimeters wide. In newer pavements, the crack spacing ranges between 30 - 60

m, whereas in older pavements the spacing may be less than 5 m.

2.4.4 Other Factors

The influence of other factors such as age, pavement width and thickness,
asphalt content, aggregate gradation, etc., on thermal cracking was studied by other researchers.
Vinson et al. (6) noted that the frequency of cracks was higher in older pavements and in
pavements with thinner asphalt concrete layers and narrower widths. They found that mixtures
with non-absorptive, angular aggregate showed higher resistance to thermal cracking than
absorptive rounded aggregate. Gradation and asphalt content had little effect on low-temperature
cracking potential.

Physical aging or hardening is a phenomenon that was observed to occur in
materials such as bitumen, shellac and amorphous sugar, in addition to amorphous solids or
materials that are in a glassy state. It is a function of time (age) and temperature and is known to

influence the failure strength, failure strain and modulus of the material. Asphalts exhibit physical



16

hardening above and below Ty whereas, amorphous polymers show physical hardening only
below the glass transition temperature (35).

Faab (13) showed that changes in aggregate gradation, dust/asphalt ratio, and
asphalt content had no influence on the critical stiffness modulus of the mixture at fracture.

Mohammad and Paul (29) studied the influence of test devices on indirect tensile
strength, indirect tensile creep, resilient modulus and Poisson’s ratio. They found that the type of
test device used for static testing did not significantly influence the results in mixtures with the
same asphalt and similar gradation. In the case of dynamic testing, the effect of test device was

found to be significant.

2.5 Test Methods Used to Quantify Thermal Cracking Potential

In the SUPERPAVE system, the test devices used to quantify low-temperature
cracking potential of asphalt binders are the Bending Beam Rheometer (BBR) and Direct Tension
Tester (DTT). In addition, researchers have also conducted fracture tests on notched and un-
notched binder samples at low temperatures, and reported good results in correlating fracture
properties to low-temperature pavement performance. Creep compliance testing and indirect
tensile strength tests using the Indirect Tensile Tester (IDT) and Thermal Stress Restrained
Specimen Test (TSRST) are the most commonly used methods to evaluate HMA mixtures at low
temperatures. In this study, only the BBR, DTT and IDT tests were conducted. These tests will
be briefly outlined in the following paragraphs.

In the BBR test, a simply supported asphalt beam (127.0 mm x 6.35 mm x 12.7
mm) is subjected to a static creep load of 100 g for a period of 240 s (AASHTO TP1 (36)). This
test is conducted at low temperatures (e. g., -12°C, -18°C) depending on the binder grade of the
sample being tested. The deflection, & mm, is recorded during the entire test period and the
stiffness of the binder, S(t), is calculated by the BBR software at 8, 15, 30, 60, 120 and 240 s,
using elastic beam theory. A limiting stiffness of 300 MPa at 60 s specified in the SUPERPAVE

binder specifications was established based on previous literature. As the asphalt tends to
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become very brittle and stiff at low temperatures, the thermal stresses in the pavement will
increase with falling temperatures. Imposing a limiting value on stiffness prevents the binder from
becoming too brittle and prevents excessive stress build-up in the pavement. A minimum of
0.300 for the m-value (slope of the deflection curve at 60 s) is the other criterion that must be
satisfied by binders that meet the SUPERPAVE specifications. This defines the ability of the
binder to exhibit stress relaxation. Lower m-values indicate decreased stress relaxation ability.

In the DT test, a dog-bone shaped binder sample (40 mm long and 6 mm thick) is
subjected to uniaxial tension at a constant strain rate of 3%/min until failure (AASHTO TP3 (37)).
The test is conducted at temperatures corresponding to the BBR test temperatures or until a
minimum of 1% strain is met, as per SUPERPAVE binder specifications. The DT software
records failure stress, failure strain and the fracture energy for each sample tested. It was
observed that the transition from ductile to the brittle phase occurred around the 1% strain limit
(32). In addition to binder flexibility, ductility is also a necessary requirement for improved
pavement performance at low temperatures. This allows the pavement to flex under the
application of traffic loads at low temperatures without fracturing.

Test data from the BBR and DT can be used to determine the fracture
temperature of the pavement (T;). The details of this procedure are outlined in AASHTO PP42-
01 (38) and referred to in several papers (18, 39 - 41). Commercially-available software, Thermal
Stress Analysis Routine (TSAR) (23), developed using this procedure can be used to determine
T.. In this procedure, time-temperature superposition principle, applicable to linear visco-elastic
materials, is used to horizontally shift the BBR isotherms and generate the stiffness master curve.
The Arrhenius equation is used to model the shift factors (temperature dependency), as it was
found to be provide a better fit below the glass transition temperature. Above the T,, the William-
Landel-Ferry (WLF) equation is preferred by researchers. Following the determination of the shift
factors, the Christensen-Anderson-Marasteanu (CAM) model is used to fit the stiffness versus
reduced time data (log-log scale). A robust, non-linear least squares optimization technique

(Marquadt-Levenburg) is used in fitting the shifted stiffness data to the CAM model. The creep
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compliance master curve is generated by taking the inverse of the stiffness master curve. Creep
compliance and relaxation modulus are related through a convolution integral, which is solved
using the Hopkins and Hamming algorithm. The thermal stresses in the pavement are then
computed from the relaxation modulus using numerical techniques.

The determination of creep compliance and indirect strength using IDT is
typically performed on 50-mm thick mixture samples compacted to 7% air voids (AASHTO TP9
(42)). The compliance test is a non-destructive test performed at -20°C, -10°C and 0°C for 100
seconds. The strength test is a destructive test performed at -10°C (typically) after the
completion of creep compliance testing. In both tests, the vertical movement of the load ram is at
a rate of 12.5 mm/min. The data from the creep compliance tests are used to generate the
master creep curve and ultimately, the thermal stress curve. The procedure followed in
determining the thermal stress in the mixtures is similar to that followed with binder test data (5,
43 - 47), but differs in the following respects: (i) a power law was used to fit the shift factors,
instead of the Arrhenius equation, (ii)) an exponential series was fitted to the creep versus
reduced time data using a non-linear least square optimization technique (Gauss-Newton), and
(iii) the creep function (exponential series) and relaxation modulus are related through the inverse
of Laplace transform for which an approximate solution is obtained using the “direct method”.
Further details of this procedure are given by Christensen (47). The intersection of the indirect
tensile strength curve with the thermal stress curve yields the critical cracking temperature of the
mixtures, since a pavement develops cracks when the thermal stresses in the pavement exceed

its tensile strength.

2.6 Models Used to Predict Thermal Cracking

As a part of the work done by Hiltunen and Roque (5, 44) at Pennsylvania State
University under the SHRP contract, a performance prediction model (TCMODEL) was developed
to predict thermal cracking in HMA pavements. While earlier models were based on mostly

empirical data from binder testing, the new model consisted of two parts: a mechanistic-based
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model and a probabilistic model. The mechanistic model incorporates the time-dependent
behavior of the mixtures, pavement temperature, stress relaxation and cooling rate to predict the
thermal stresses in the pavement and the hence the amount of cracking as a function of time.
The probabilistic model predicts the total amount of cracking that is likely to be observed in the
field given the current crack depth and crack distribution at the pavement surface.

The visco-elastic properties of HMA mixtures that are needed as inputs in the
mechanistic model are determined by creep compliance testing at different temperature using the
IDT. The 1000-second creep test initially proposed by Roque et al. (45) did not always provide
sufficient overlap in the construction of master curve and hence, led to errors in estimation of the
shift factors. The problem was overcome by using binder (BBR) test data and developing a
relationship between binder stiffness and mixture stiffness. This allowed the mixture creep test to
be shortened to 100 seconds.

Buttlar and Roque (46) evaluated the commonly used binder-mixture stiffness
relationships and other empirical and theoretical models used to estimate mixture stiffness from
binder stiffness and volume concentration of the components by testing 28 mixtures and binders.
They observed wide variations in mixture stiffness, which was accounted for by the variability in
air content of the mixtures tested and other factors such as, aggregate structure and volume
concentrations of the mixture components. They found that the current, empirical mixture
stiffness prediction relationships tended to underestimate the stiffness values and were applicable
only at high binder stiffnesses. The theoretical models evaluated also predicted values that
deviated from the observed stiffness values, except at high binder stiffnesses. The single power
law fitting model used in SUPERPAVE™ cracking prediction model (TCMODEL) greatly over-
predicted the extent of cracking due to errors in estimation of shift factors needed for the
construction of the master curves. They proposed a multi-power law model that was developed
based on the single power law model and provided better estimates of the amount of cracking
with time. The researchers concluded that binder stiffness could not be used to adequately

predict mixture stiffness.
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Mixture properties used to evaluate thermal cracking potential within
SUPERPAVE system include data from binder testing (BBR) and mix properties from IDT testing,
in addition to volumetric properties data (45). Air and pavement temperature (environmental
information), layer thickness (structural information), etc, are also required in crack propagation
prediction model.

To illustrate the validity of the binder selection program of SUPERPAVE and
thermal cracking prediction software, Roque et al. (45) compared the performance of three out of
the seven test sections constructed in Alberta, Canada. These sections had the same mix design
and aggregate type, but different binders. SUPERPAVE™ TCMODEL predicted the least amount
of cracking in Section 3, which was verified by field observations at the end of three years. This
section had the lowest stiffness and the highest BBR m-value. Although the binders used in the
other two sections had similar m-values, their stiffnesses were not equal. The section with the
higher stiffness exhibited severe cracking, as predicted by the model.

However, a study comparing different thermal cracking models by Raad et al.
(48) indicated that TCMODEL showed very poor correlation with observed cracking in various test
sites in Alaska. They proposed a model based on TSRST strength, fracture temperature,
pavement age, minimum air temperature data and limited field data. Due to limited quantity of
field data available to them, further validation of their model was not possible. They noted that
addition of polymer modifiers to the binder improved the low-temperature cracking performance of
the binder.

The TCMODEL model was calibrated with test data from field cores most of
which were over 15 years old, whereas, most testing done involved testing of aged laboratory or
plant mixture samples. TCMODEL estimates based on these samples would under-predict the
amount of cracking (49). Bulttlar et al. (50) developed an automated procedure called MASTER
for determining the shift factors and verified its robustness by comparing the cracking predictions
obtained by using manually-shifted shift factors. The researchers recommend that this proposed

technique be incorporated into the revisions to the SUPERPAVE ™ software.
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Christensen (47) modified the original analysis technique proposed by Hiltunen
and Roque to make it more robust. He used non-linear least squares to fit a power law model to
the compliance data. Validation of this model was done using test data from laboratory
compacted specimens, which indicated that the predicted compliances fit the shifted data quite
well as was evidenced by the low standard error values obtained, in spite of insufficient overlap in
the compliance data.

Comparison of measured versus predicted thermal cracking was also performed
by Epps (51), who compared the fracture temperatures predicted by BBR, IDT and TSRST tests
for unmodified and modified crumb rubber mixtures. She observed that the fracture temperatures
estimated from BBR testing agreed fairly well with those obtained from IDT testing in most of the
mixtures tested, at the three different cooling rates studied. The fracture temperatures estimated
from TSRST were higher in comparison with BBR and IDT test estimates. But TSRST could
differentiate (was more sensitive to) between the different types of mixtures better than BBR and
IDT tests. She noted that BBR testing alone could not capture the effect of binder modification at
low temperatures and suggested accompanying the binder tests with mixture tests as well.
These results could not be verified with field data due to lack of field distress surveys.

Bahia et al. (21) studied the influence of failure stress, failure strain, cooling rate
and glass transition temperature on thermal cracking prediction models. They noted that using
the failure strain criteria in predicting fracture temperature yielded temperatures that were about
15°C warmer and hence more conservative than those predicted by failure stress criteria. In
some cases, the failure stress criteria gave unreasonably low fracture temperature estimates.
The differences in amx and a, values before and after T, resulted in differences in fracture

temperature by as much as 5°C for a cooling rate of 1°C/hr.

2.7 Mechanism of Rutting

Rutting is caused when pavement surfaces are subjected to repetitive wheel

loads, which causes pavement consolidation or plastic flow. Rutting is a stress-controlled,
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repeated-loading phenomenon, resulting in densification of the pavement layers followed by
accumulation of plastic deformation (shear failure) in one or more of the pavement structural
layers. Rutting may occur due to any one or a combination of the following conditions: a) high or
low air void content, b) excessive asphalt content, c) excessive fines d) high percentages of
rounded aggregates (natural sands and bank-run gravel) e) weak subgrade, f) low binder
stiffness, etc (52). A well-designed HMA should contain sufficient asphalt content to ensure
durability without sacrificing shear resistance and to completely coat the aggregate particles. It
should also have sufficient initial air voids to allow for densification in the field without causing
bleeding or losing shear resistance. Rutting potential is largely influenced by aggregate
properties and structure (43). Angular, rough-textured aggregates will develop an aggregate
structure with high internal friction that will be more rut-resistant. Excessive fines and high
asphalt contents may result in a tender mix, which will be more prone to rutting. Using a stiffer
grade of asphalt may provide improved rut resistance, but it is not the primary controlling factor.
Polymer-modified binders may reduce rutting; however, they are more expensive than
conventional binders.

With the introduction of SUPERPAVE, the susceptibility of HMA to rutting and
fatigue cracking can be evaluated using the Superpave Shear Tester (SST). Parameters
obtained from SST tests are used to develop relationships between predicted rut depth and
Equivalent Single Axle Loads (1 ESAL = 80 kN = 18 kip) and percent fatigue cracking and
ESALs. The rut resistance of mixtures tested in repeated shear at constant height was found to
improve at lower percent air voids with an optimum around 3%. Studies reported by Sousa et al.
(53) have shown that the critical percent air voids of the mixtures for rutting was between 2.5%
and 4.0%. A given mixture is deemed fit or unfit for given set of project-specific conditions under

each distress category, based on owner-specified allowable distress levels.
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2.8 Factors Affecting Rutting

The factors that influence the severity of rutting can be broadly classified into
environmental and traffic conditions, binder and mixture properties, aggregate-related properties
and other factors. High pavement temperatures and excessive loads cause rutting in poorly-
designed mixtures. Excessive asphalt content is the leading contributor of rutting in asphalt
pavements (4). Rutting resulting from unstable mixtures can be identified by placing a straight-
edge across the pavement lane. If the straight-edge is elevated due to “heave” between wheel
paths, it is a clear indication of a poorly designed mix. On the other hand, if the straight-edge is
horizontal, it indicates consolidation of the base layers (52). Pavements typically undergo an
additional 2% compaction due to traffic loads, regardless of initial compaction level after
construction. This additional compaction is generally considered insignificant in comparison with

the other causes (4, 52).

2.8.1 Environmental and Traffic Conditions

Since asphalt tends to have reduced viscosity at higher temperatures, asphalt
mixtures tend to become soft when exposed to high temperatures, especially for prolonged
periods of time. Under such conditions, pavements constructed with softer binders are more
prone to rutting. Presence of moisture in the pavement was also found to aggravate the problem
(54). While it is generally accepted that stability of aggregate skeleton in an asphalt mixture
controls the rutting behavior, researchers (55) showed that the environment (range of maximum
air and pavement temperatures) plays a more important role than aggregate gradation on rutting

observed in the field.

2.8.2 Binder and Mixture Properties
In SUPERPAVE methodology, the binder grade specifies the range of
temperatures within which a given binder can perform satisfactorily without exhibiting distress.

Stiffer binders typically perform well at high temperatures. With respect to rut susceptibility, high
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binder stiffness is desirable as it allows the mixtures to withstand heavy loads and high
temperatures without undergoing permanent deformation. Binders with low penetration and high
viscosity values provide better resistance to rutting. Conventional binders can be modified to
perform well at both high and low pavement temperatures.

Valkering et al. (56) studied the influence of modified binders on improving the
rutting performance of mixtures by conducting creep-recovery tests and wheel-tracking tests in
the laboratory. They found good correlation between rutting rate (mm rut per wheel pass) and
viscosity of the conventional binders at test temperature. They noted that the rheological
behavior of modified binders was different from that of conventional binders and a simple creep
test could not truly capture the influence of modifiers in the mixtures. Instead they proposed a
creep and recovery test to assess the influence of the thermoplastic rubber modifier (SBS) on
rutting performance. Addition of 3 - 7% polymers to the binders reduced the rut depth by as
much as 60 - 70%.

Rubber-modified asphalt mixtures were also observed to perform better than
conventional mixtures, in a laboratory study conducted by Harvey and Monismith (57). In
addition, mixtures with low air-void content, with low fines content and with angular, rougher
aggregate were observed to perform better than mixtures with smooth, rounded aggregate, or
with higher fines and higher air-void content. Asphalt mixtures become unstable when air-void
content approaches or fall below 2 - 3% (58). This stage is typically indicated by a change in the
slope of the line (flattening) on a log permanent strain versus log load repetitions plot.
Carpenter’s field evaluation study (58) also showed that rutting observed at early age of the
pavement was not a sufficient indicator of pavement performance at later age.

Little et al. (59) conducted uniaxial creep tests to study the influence of change in
mixture properties on permanent deformation. Mixture air-void content, followed by aggregate
type, was found to have the most significant influence on the permanent strain at the end of 1 h
loading and on the slope of the steady-state creep curve. Under their test conditions, mixtures

with creep moduli greater than 69 MPa were considered rut resistant.
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Mohamed et al. (60) proposed the use of the parameter, K, in identifying the rut
susceptibility of HMA. The parameter, K, defined as the rate of permanent strain accumulation in
the secondary flow region, was found to be unique for each mixture tested at a given temperature
under repeated load conditions. They found that specimen height had no influence on the value
of K, at the two test temperatures used in their study. Increase in compactive effort (number of
gyrations) decreased the value of K. The researchers further compared the effect of lab
compaction versus field compaction procedures. Although both procedures gave similar K values
at 25°C and 40°C, there was noticeable deviation in tertiary flow behavior of the two mixes. Rut
performance of laboratory compacted SGC samples was similar to that of field core samples.

The influence on air voids, aggregate type and gradation on rut potential was
studied by Mallick et al. (61) using the dynamic creep testing. The loading conditions used by
these researchers were designed to simulate normal truck tire pressures and aircraft tire
pressure. Tests conducted on laboratory compacted samples at different percentage of air voids
showed good correlation with rutting observed in the field. Pavement initially compacted to higher
air voids (typically around 7%) showed a decrease in air void content at the end of dynamic,
confined creep testing, as is expected due to consolidation. On the other hand, pavement with
low initial air void content (less than 3%) showed an increase in air void content at the end of the
test. This is due to lateral migration of material in the wheel paths (shoving action) and is typically
observed in the field. Tests of field cores obtained outside the wheel path (shoulders) also
exhibited similar behavior. As shown by earlier studies, these researchers also found that
mixtures with natural sand and crushed gravel showed poor rut resistance in comparison with
mixtures with crushed aggregate.

Kim et al. (62) studied the influence of aggregate type, gradation, asphalt
content, air void content, temperature, stress level and interaction between these variables on
permanent deformation using the uniaxial creep test. ANOVA tests conducted on main factors
indicated that aggregate type and gradation had significant influence on rutting behavior.

Interactions between these two main variables and the other variables were also studied, which
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indicated that interactions between aggregate type and gradation, aggregate type and asphalt
type, aggregate type and air void content, and aggregate type and temperature were most
significant. The researchers noted that low viscosity binders tend to produce larger deformation
in the corresponding mixture samples.

Karakouzian et al. (63) studied rut depth data collected at four projects with
similar traffic volume, subgrade properties and pavement structure around the state of Nevada.
The main variables in these four projects were the type of binder and shape of the gradation
curve (continuous coarse-graded to skip (gap) coarse-graded). From their study, they observed
that mixtures showed higher rut resistance if the slope of the gradation curve between the No. 4
sieve (4.75 mm) sieve and the largest aggregate size was steeper than the maximum density
line. They reasoned that if the slope was lower than the maximum density line, the aggregate
particles larger than No.4 tended to float in the asphalt matrix and did not develop stone-to-stone
contact, thereby lowering the rut resistance of those mixtures. They further noted that aggregate
filler and binder do not add significantly to the load-bearing capacity of HMA.

Attempts were made by researchers (64) to correlate |G*|/sind parameter
obtained from Dynamic Shear Rheometer (DSR) testing with rutting susceptibility of mixtures
tested in the laboratory using Gyratory Testing Machine (GTM), as well as several wheel tracking
devices, such as Hamburg Wheel-Tracking Device (HW), French Pavement Rutting Tester
(LCPC) and Georgia Loaded-Wheel Tester (GLWT). Creep slope (number of wheel-passes
required to create a 1-mm rut depth) was used to assess rut susceptibility using HW device and
slope of rut-depth versus number of cycles plotted on a log-log scale was used for LCPC. To
study the influence of varying binder type on rutting performance, three conventional binders and
two modified binders were used in different mixtures with the same aggregate type and gradation.
In addition, two of the conventional binders were also used with a higher nominal maximum
aggregate size (NMAS) to verify the effect of aggregate size on rut susceptibility. The
researchers concluded that |G*|/sind was a good indicator of rut susceptibility since mixtures

prepared with low |G*|/sin6 binders showed poor resistance to rutting in all cases. Among the
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wheel-tracking devices used, HW test parameter showed good correlation with observed rut
depth. Changing the NMAS was not observed to alter the rut susceptibility of the mixtures, nor
did it lessen the influence of asphalt type on rutting performance.

Contrary to the findings of Stuart and |zzo, Leahy et al. (65, 66) found very poor
correlation between binder |G*|/sind values and rut depths (and rut rates) obtained from the
wheel-tracking device. The researchers conducted repeated shear at constant height tests
(RSCH) and wheel-tracking tests using a device developed at the University of Nottingham, in
collaboration with SWK Pavement Engineering, Ltd. (SWK/UN) to study the influence of asphalt
type, percent air voids, and aggregate type on the rutting performance. Large variability in wheel-
tracking test data was observed. When the influence of aggregate was reduced by reducing the
inter-particle friction (e. g., at 7% air voids) along with higher test temperature (70°C), the
influence of binder was more apparent. RSCH testing showed that shear response was largely
influenced by asphalt source, aggregate source, and air-void content. The researchers
emphasized the importance of supplementing binder tests with performance tests on
corresponding asphalt mixtures.

Sherwood et al. (67) also attempted to correlate |G*|/sind (at 2.25 rad/s) to the
number of load passes required to cause 10% permanent deformation in mixtures tested at the
FHWA'’s Accelerated Loading Facility (ALF). Eight lanes with five different binders and two
gradations were constructed at the test facility to study the influence of changing binder grade
and gradation on rutting and tested at different test temperatures depending on the binder grade
used in the mixture. Results indicated a good correlation between the two parameters, which
was sensitive to binder grade and aggregate gradation. Results also indicated that binders that
did not meet the 2.2 kPa specification requirement needed less number of passes to attain the
10% deformation limit.

However, researchers (68 - 71) have reported that the DSR parameter, |G*|/sind,
did not truly capture the improved high temperature behavior of modified binders. Instead a

creep and recovery test was recommended by them and a new parameter, |G*|/(1-1/tandsind),
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was proposed by Shenoy (71). Shenoy showed that the information provided by this parameter
was equivalent to the information obtained from a creep and recovery test.

In an attempt to evaluate the SUPERPAVE performance models, Zhang et al. (3)
conducted performance tests, such as frequency sweep at constant height (FSCH), simple shear
at constant height (SSCH), etc., using the Superpave Shear Tester (SST) and determined the
linear and non-linear elastic, visco-elastic and plastic properties of different mixtures. The
mixtures used in their study were made with the same aggregate, gradation and asphalt content,
but with different binder grades. The researchers found that m, slope of log of dynamic shear
modulus versus log of frequency used in the SUPERPAVE model, obtained for FSCH testing was
temperature dependent and not a reliable indicator of rut susceptibility of the mixtures. Improper
choice of temperatures could lead to errors in rut depth estimates. In addition, they also
concluded that (a) the influence of binder on mixture performance above 50°C was insignificant in
comparison with the influence of aggregate and (b) at low loading rates (0.01 Hz) and high
temperatures, |G*| was not susceptible to binder grade and temperature. Rut depth predictions
using the models gave unreasonable estimates due to errors in parameter m estimates.

Shatnawi and Lancaster (72) conducted repeated shear at constant height
(RSCH), repetitive direct tension tests and the LCPC wheel-tracking tests on mixtures with two
gradations (Caltrans and SUPERPAVE) and binder grades, to evaluate the Level One
SUPERPAVE mix design procedures. The criteria used to evaluate mixtures tested in LCPC
were (a) the shape of the percent rut depth versus cycles on a log-log scale and (b) a rut depth
less than 10% of slab thickness after 30000 cycles. Results from LCPC testing conducted at
55°C indicated that SUPERPAVE mixtures performed better than Caltrans mixtures. Results
from RSCH testing were analyzed after converting permanent shear strain into rut depth and
number of cycles into ESALs. All the four mixtures tested in RSCH showed good rut resistance in
general, but Caltrans mix showed lower permanent deformation than the corresponding
SUPERPAVE mix with the same binder. The researchers emphasized the importance of

performance testing and mechanistic analysis, in addition to volumetric properties. Although all
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mixes passed the limits placed on rutting and fatigue, differences in gradation and percent air
voids delineated their relative performance. The researchers concluded that a gradation passing
through the restricted zone does not necessarily imply a tender mix and low resistance to rutting,
as was shown by the generally better performance of Caltrans mix as opposed to SUPERPAVE
mixes. Results from laboratory testing appeared to correspond with field performance of the
same mixtures.

Romero and Mogawer (73) conducted FSCH, SSCH and RSCH tests using SST
and wheel-tracking tests at the ALF to determine the sensitivity of the shear tester to changes in
aggregate size (NMAS) in mixtures with the same binder. From SSCH tests, they used two
parameters; shear modulus (ratio of applied stress to maximum strain) and percent recovered
strain (ratio of recovered strain at the end of 10 s unloading to maximum strain); to relate to
pavement performance. From FSCH test data, they used the |G*| at 10 Hz and the slope for log
|G*| versus log frequency to assess the rut resistance of the mixtures. A standard rutting model
was fit to the RSCH data and the slope of the curve along with the maximum permanent strain
were used to compare the performance of the mixtures with ALF test results. Inconsistent shear
modulus and percent recovered strain results at the two test temperatures indicated that SSCH
testing could not delineate mixtures with the same binder and different gradation. Moreover, the
results did not correspond with ALF results, which was sensitive to such changes in mixtures.
The slope of |G*| versus frequency was higher for the coarser mixtures only at one temperature
and one binder. The results at other temperatures and for the other binder were inconclusive and
inconsistent. The researchers found that the value of |G*| at 10 Hz appeared to be the most
sensitive to changes in binder grade and gradation. The variability in RSCH data was too high to
allow for reasonable assessment of the rut performance of the mixtures. The researchers
concluded that the SST could not be used to identify changes in NMAS of mixtures with the same
binder grade and the results of the SST did not coincide with those of the ALF.

To study the sensitivity of SUPERPAVE mixes to changes in volumetric and

mechanical properties, Anderson et al. (74) conducted FSCH, SSCH and RSCH tests on
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mixtures with varying asphalt contents, gradations, and ratios of natural and crushed sands. The
effect of these variables on volumetric properties of Superpave Gyratory Compactor (SGC)
specimens was also studied. Results from RSCH test showed increasing permanent shear strain
and its rate of accumulation with increasing asphalt content. SSCH tests indicated increasing
values of maximum shear strain (ymax) With increasing asphalt content. Values of complex shear
modulus obtained from FSCH test were affected by changes in coarse gradation and asphalt
content. Increasing asphalt content decreased the stiffness of the mix when tested at 26°C and
41°C.

No relationship was found between rut rate results obtained from Asphalt
Pavement Analyzer (APA) and rate of permanent strain obtained from RSCH testing, in a study
conducted by Blankenship et al. (75) on five PG70-22 binders modified by different methods. The
researchers justify this lack of correlation by stating that while the RSCH test was designed to
simulate pavement loading, the APA was simply designed to give pass/fail criteria. However, the
researchers found that the mixture rankings obtained from RSCH and FSCH tests were similar.
They suggested using these tests for comparative ranking purposes in the absence of the
completed SUPERPAVE models. Although the wheel tracking tests gave similar results, they
were not quantifiable.

Poor correlation was seen between GLWT and LCPC test results and observed
field performance in two test sites in a study conducted in North Carolina (76). Although the
wheel-tracking tests indicated high rut susceptibility of one of the mixtures, no rutting was actually
observed in the field. However, results from RSCH testing indicated a rut-resistant mixture.
Mixture from the other section performed poorly in all the three (GLWT, LCPC and RSCH) tests.
Field core samples obtained from the wheel path for these two sections indicated low percent air
voids in the section that showed severe rutting. In addition, this section also had higher
percentage of fines and filler content, which contributed to its high rut susceptibility. The
researchers conducted limited repeated shear testing at higher frequency (5 Hz) than that

recommended in AASHTO TP7 protocol (1.43 Hz) and concluded that both tests gave similar
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results, in general. The researchers further recommended running the RSCH test until 100000
cycles in order to capture tertiary flow.

The SUPERPAVE performance tests were originally intended to provide material
properties that would be used input in the pavement performance model. However, due to many
critical errors, the model either gave unreasonable distress estimates or in some cases, could not
be executed. However, many researchers, as discussed above, have since been using the
SUPERPAVE performance tests to evaluate the mechanical properties of mixtures to make
relative comparisons about the quality of the mixtures being tested. In one such attempt,
Anderson et al. (77) studied four typical mixtures from different states in the U. S. with different
mix designs and binder grades. One of the mixtures was a Marshall mix, while the other three
were SUPERPAVE mixtures. While the three SUPERPAVE mixtures showed a decrease in
complex shear modulus, |G*|, with increase in binder content, the Marshall mixture did not show
any change. While this could be explained by the fact that it was designed for higher traffic
volume, one of the SUPERPAVE mixtures was designed for similar traffic volume and with a
stiffer binder grade showed the lowest |G*| among the four mixtures studied. The researchers
also observed that laboratory prepared samples had higher complex shear modulus than field
produced samples.

Wang et al. (78) used Superpave Shear Tester to run SUPERPAVE performance
tests on a typical mixture used in Taiwan and two SUPERPAVE mixtures to assess their rutting
susceptibility. They calculated parameters such as, initial shear strain rate, final slope and peak
shear strain (ymax) Obtained from SSCH testing and predicted rut depth and ESALs from RSCH
testing to assess the relative performance of these mixtures. They found that SUPERPAVE
mixtures performed better than the typical Taiwan mixture and that these calculated parameters
were sensitive to changes in mix design.

Kern and Carpenter (79) derived a simple relationship between rut depth
obtained from GLWT at 40°C and the difference between performance grade temperature and

the test temperature at which RTFO-aged binder satisfies the specification limit. They noted that
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the frequency of temperature distribution at a given test site determines the rutting performance
of a mixture, rather than the 7-day mean high temperature used in SUPERPAVE binder selection.
Identical mixtures placed in cities with similar traffic conditions and similar 7-day mean high
temperature would show different permanent deformation, which would depend on the frequency
distribution of high temperature at the site.

Performance of four SUPERPAVE mixtures in SST testing was evaluated by
comparing with the field performance of the same mixtures at the end of seven years in service
(80). Although some amount of rutting was observed in the field, it was considered minimal.
FSCH and SSCH tests were conducted at Tercy and Tempp) On laboratory samples made from
original mix collected at the time of construction. Strong correlations were found between yax
and rut depth, ymax and rut rate, and elastic recovery and rut rate at Texpp). Mixture that exhibited
the highest ymax also had the lowest stiffness in FSCH testing, as expected. A plot of log |G*| and
rut depth also showed a high degree of correlation. The researchers concluded that behavior of
the mixtures in FSCH and SSCH testing corresponds with that observed in the field. The amount
of fatigue and low temperature cracking could not be quantified, as these pavements were HMA
overlays over existing concrete pavements that were not prepared by crack-and-seat operation
prior to placement of the overlay.

Viscosity of the binder used in the mixture was commonly considered a strong
indicator of rut resistance of the mixture. The absolute viscosity of conventional (neat,
unmodified) binders at 60°C was found to be strongly related to a rut parameter determined in the
laboratory at 45°C, N4 (number of wheel passes required to cause a 10 mm rut). Since zero-
shear viscosity (ZSV) was thought to be a true material property and independent of test
conditions, Sybilski (81) attempted to correlate ZSV with permanent deformation. He found that

zero-shear viscosity of modified and unmodified binders at 60°C was directly proportional to Nq.
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2.8.3 Aggregate-related Factors

Effect of aggregate gradation on rutting performance was studied by Matthews
and Monismith (55), who concluded that medium-graded mixtures perform better than coarse
graded mixtures. For dense-graded asphalt mixtures, good grain-to-grain contact between the
aggregate particles is responsible for providing shear resistance, which in turn lowers the
permanent deformation in the mixtures. However, the presence of high percentage of fines
reduces the contact between aggregate particles and increases the rut susceptibility of the
mixture. Due to the absence of aggregate interlocking in porous mixtures, the binder provides the
shear resistance in such mixtures (57).

During the early periods of SUPERPAVE implementation, it was suggested that
the gradation curve should either pass above of below the restricted zone to avoid tender mixes
that are prone to rutting. However, a synopsis of studies conducted by various researchers
written by Hand and Epps (83) with gradations passing through, above and below the RZ
indicates that the RZ did not influence the rutting or fatigue performance of the SUPERPAVE
mixtures. Similar results were also found by Chowdhury et al. (84) who conducted shear tests
(SST) and wheel-tracking tests using the APA on 12 mixtures (3 gradations with four aggregate

type each).

2.8.4 Other Factors
Type of compactor used to produce samples for permanent shear deformation
tests has a strong influence on the test results. Gyratory compacted samples have the least rut
resistance, while kneading compacted samples have the highest rut resistance (57). Linear,
rolling compactors produce stiffer mixtures at optimum binder viscosity and with lower fines. On
the other hand, kneading compactors produce stiffer mixtures at higher viscosity and normal
amount of fines. At low air-void content, kneading compacted specimens perform poorly due to

crushing of aggregate during the compaction process.
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The influence of sample size, sample aging, sample preparation, and sample
compaction technique (SGC versus field) on rutting was studied by Harvey et al. (82). No clear-
cut results were obtained regarding the influence of specimen size or shape on permanent strain
from the RSCH test. Laboratory samples prepared by reheating field mix samples were found to
be stiffer and hence more rut resistant the field core samples. They found higher variability in rut
resistance of samples compacted in the laboratory, rather than in the field core samples taken six
months after construction. They suggested limiting the percent air voids in the laboratory
prepared samples to help in lowering the observed variability. This was also recommended by
other researchers (85), who suggested increasing the number of replicates to five and using a

trimmed-mean procedure for analyzing the data.

2.9 Test Methods Used to Quantify Rutting Potential

In the SUPERPAVE system, the test used to assess the rutting potential of
binders is the Dynamic Shear Rheometer (DSR). Binder tests are also accompanied by some
mixture testing using the Superpave Shear Tester (SST). Mixture tests typically conducted are
Frequency Sweep at Constant Height (FSCH), Simple Shear at Constant Height (SSCH) and
Repeated Shear at Constant Height (RSCH). In addition, some optional testing using wheel-
tracking devices are preferred by some researchers who have reported good predictions in some
cases and not in others. Only the SUPERPAVE test methods are briefly outlined below.

In the DSR test, a binder sample (25 mm dia. x 1 mm thick) is subjected to a
prescribed oscillatory motion (10 rad/s) between two parallel plates (AASHTO TP5 (86)). This
test is typically conducted at high temperatures (> 52°C) on original binder and RTFO-aged
binder samples in stress-controlled or strain-controlled mode. The applied stress and the lag in
observed strain are recorded and used to determine the complex shear modulus (|G*|) and phase
angle (d) of the binders. The |G*| and & values represent the stiffness and the measure of the
elastic (or viscous) behavior of the binder at the test temperature. Higher |G*| indicates higher

stiffness and a better ability to resist permanent deformation. Higher & indicates a larger lag
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between applied stress and observed strain and more viscous behavior. A lower value of & is
preferred as this indicates better resilience. A limiting value of |G*|/sind = 1.0 kPa for unaged
binders and 2.2 kPa for RTFO-aged binders is required at the minimum passing grade of the
binder.

In the FSCH test, a mixture sample (150 mm dia. x 50 mm thick) compacted to
the desired percent air voids (typically 7% + 0.5) is subjected to dynamic shear loading by
applying a repeated sinusoidal shear strain of £ 0.005% (0.0001 peak-to-peak amplitude) and the
complex shear modulus (|G*|) and phase angle (6) of the mixture are determined. Since the
mixture exhibits a tendency to dilate under shear load, the axial stress is adjusted to maintain a
constant sample height. This test is conducted at 10 different frequencies (10, 5, 2, 1, 0.5, 0.2,
0.1, 0.05, 0.02 and 0.01 Hz) with a set number of cycles at each frequency. The typical test
temperatures are 20°C and 40°C, however the test may also be conducted at Tespp) and Tesrc) OF
at any other test temperature of choice. The |G*| value at 10 Hz is typically used to make
comparison between mixtures. As in the case of DSR testing, higher |G*| and lower & are
preferred for improved rut resistance.

The SSCH test is typically conducted on same sample after the completion of
FSCH testing at the same test temperature. The SSCH test is a static shear test, in which a
constant shear load is applied at the rate of 70 kPa/s until a maximum of 105 kPa at 20°C or 35
kPa at 40°C is reached. The load is held constant for 10 s and then decreased at the rate of 25
kPa/s and held at 0 kPa/s for an additional 10 s. The corresponding shear deformation during the
entire duration of test is recorded. The maximum shear strain (ymax) and the ratio of recovered
strain to ymax are used to assess the rut resistance of the mixture. A low ynax is desired as this
indicates a stiffer mixture (less susceptible to permanent deformation). The ratio of recovered
strain t0 ymax gives a measure of the resiliency or elasticity of the mixture. Evidently, a high
resilience value is desired.

The RSCH test is an optional AASHTO test procedure that has gained favor

among researchers. It is typically conducted on 150 mm x 50 mm samples compacted to 3 +
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0.5% air voids. However, samples compacted to field air voids or field core samples may also be
tested in RSCH. It is a repeated load test in which a shear stress amplitude of 68 + 5 kPa is
applied for 0.1 s followed by a rest period of 0.6 s to allow the sample to recover. This test is run
until 5000 cycles or until 5% is reached. The test may be conducted at 58°C or at the maximum
7-day pavement temperature occurring at the test site of interest. As in the case of FSCH and
SSCH tests, the axial load is adjusted to maintain constant sample height. The accumulated
permanent strain (yperm) is recorded during the test. A lower permanent strain indicates rut
resistant mixtures. The slope of plot of log y,erm Versus log load cycles is used to assess the

quality of mixtures.

2.10 Models Used to Predict Permanent Deformation

The models used to predict permanent deformation were developed as a part of
the SUPERPAVE performance prediction program (87, 88). These models relate the permanent
strain accumulated to the number of load applications on a log-log scale. Permanent strain data
from RSCH testing is converted into rut depth (mm) and the number of load cycles is converted

into ESALs. These equations are represented below:

g N DI (I B =T [o Yo T N eq. 1
10g €P(N) = 10g €P(N = 1) D 10G N..oooeeeeeeeeeeeee et eeeneaeas eq. 2
FUE AP (IMM) = 280 Yinaxe««eveeeeeeeeeieiiiriiiieteeeesisireeeeeeeeesesateaeeaaeessastabaeeeeeaseaaaasssreeeaaaesesaansnrenes eq. 3
log (cycles) = -4.36 + 1.24 10g (ESALS) ...coiuiiiiiiiiie e eq. 4
where, €°(N) = permanent strain accumulated during N load applications

N = number of load applications

€’ (N=1),aand b material constants
As discussed in the earlier section, many researchers have used these models to
correlate results from RSCH data to results from wheel-tracking tests with limited success. Very

few attempts have been made to correlate field performance with rut depth predictions using

these equations.
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In addition to the SUPERPAVE models, Asphalt Institute (89) proposed the
following relationship to define the failure criterion for permanent deformation.

NG = 1.365XT0 ™ (£0) ™ oottt ettt ettt eq.5
where, Ny = allowable number of load applications to reach permanent deformation

£.= compressive strain at the top of subgrade

Results from the Al model along with pavement structure data, weather data,
traffic conditions and creep compliance data can be used as input in the KENLAYER program to
get pavement performance analysis. This approach, however, is not sensitive to changes in
mixtures composition and hence cannot distinguish the performance of different mixtures (89).

Numerous other researchers have attempted to formulate models based on
laboratory repeated-load testing and wheel-tracking tests with varying degrees of success.
Efforts are still on-going to develop a comprehensive pavement performance prediction model
that would enable the prediction of observed distress, such as permanent deformation, fatigue
cracking and low temperature cracking, as a function a time. It is expected that the new model

will be released in a couple of years (90).

2.11 Temperature Prediction Models

The binder selection program introduced in the SUPERPAVE design
methodology required an estimate of the average air and pavement temperature occurring at the
test site under consideration. For this purpose, data from 6,500 weather stations located in the
United States and Canada were used to develop algorithms, for predicting the design minimum
and maximum pavement temperature based air temperature, solar radiation, latitude, etc, using
theoretical energy balance principles. Weather stations with less than 20 years of data were not
used in developing these algorithms.

The concept of single-event cracking was used by SHRP researchers to define
the design minimum pavement temperature. Thermal cracking in HMA pavements is initiated
when pavement temperature falls below the critical or fracture temperature of the pavement (8).

Therefore, the SHRP researchers initially took a conservative approach and recommended the
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use of minimum air temperature as the design minimum pavement temperature at the surface
(eq. 6). The minimum air temperature, T,min), at a location was defined as the average of the
yearly minimum temperature that occurred at the site. The standard deviation of the minimum air
temperature was found to be around 5°C.
LI e NP eq. 6
To determine the minimum pavement temperature at different depths in the
pavement, the following equation was recommended.
Tamin) = TsMiny + 0.051d = 0.0000830..........coovveerreerieereeeeseeseeseesse s eq.7
This approach was found to be a very conservative, especially in Canada, where
Canadian SHRP researchers (91 - 93) found that the minimum pavement temperature was
always warmer than minimum air temperature. They observed that the air temperature was the
most significant factor influencing minimum pavement temperature, while sunlight (solar radiation)
had only a small, insignificant effect. They recommended the C-SHRP model (eq. 8) for
predicting the minimum pavement temperature at the surface, with built-in factor for different
reliability levels (n). Equation 9 may be used to calculate the minimum pavement temperature at
any depth below the surface with 50% reliability.

Ts(min) - 0-749Tair(min) -n (0-749623ir(min) + 6ZP)OAE ................................................................................................................ eq. 8
Taminy = 0.859T 4ir(miny + (0.002 - 0.007 Tairminy) H + 1.7 oo eq. 9
where, Tgminy = minimum pavement temperature at the surface, °C

Taminy = Minimum pavement temperature at any depth, °C

Taiminy = Mean low air temperature, °C

H

depth from surface, mm
Cairmin) = Standard deviation of minimum air temperature

Cp = standard error of pavement temperature estimate
The maximum pavement temperature algorithm was developed by heat transfer
modelling, by taking into consideration factors such as air temperature, solar radiation, thermal
conductivity, pavement surface emissivity, etc. Rutting, the most commonly observed high-
temperature pavement distress mechanism, was observed to occur in pavements when exposed

to prolonged high temperature spells. In addition, it is also observed that maximum stresses
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occurred at a depth of 20 mm below the surface. Therefore, the design air temperature was
calculated by taking a running average of the 7-day maximum air temperatures for a whole year,
at a depth of 20 mm. Next, the highest of the 7-day average each year was taken and the mean
value was calculated for a given number of years. This was defined at the design maximum air
temperature, T.rmax. The design air temperature and solar radiation were found to be the most
significant factors influencing the maximum temperature. Equation 10 was recommended by
SHRP researchers to estimate the 7-day maximum pavement temperature (1).
Tomax) = TaiMaX) - 0.00818)% + 0.22890 + 244 .......oooeeeeeeeeeeeeeee e eq. 10
The effect of solar radiation on maximum pavement temperature was introduced
in the model in terms of latitude of the test site, ¢ degrees. This equation represents a simplified

form of the original model made with the following assumptions:

radiation transmissivity coefficient, t = 0.81 (assumes clear, sunny day)
pavement surface absorptivity, a =0.9

pavement surface emissivity, € =09

surface heat transfer coefficient, h. =19.88 W/m? °C

thermal conductivity coefficient, k =1.38 W/m °C

SHRP researchers recommended the following equation to determine the
maximum pavement temperature at any depth, d mm.
Tamax) = [Tairmax + 17.8][1 - 2.48x10°d + 1.085x10°d* - 2.441x10°d°] - 17.8 ..ooovvvvrrrrre. eq. 11

The SHRP pavement temperature prediction models initially introduced with the
introduction of SUPERPAVE Binder Selection Program were theoretical models. This was due to
lack of, and in some cases, almost minimal amount of pavement temperature data available to
the researchers at that time. To further evaluate and refine the SHRP temperature algorithms,
the Seasonal Monitoring Program (SMP) was initiated under the Long Term Pavement
Performance (LTPP) program. Under this program, 30 sites throughout North America were
instrumented to record climatic factors and pavement temperatures at different depths. One of
the main objectives of this program was to provide field validation for models that relate the

environmental conditions to the properties of the pavement at the test site. This project was
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completed in 1995 and led to the development of LTPP-SMP algorithms (94 - 96), which have
since replaced the original SHRP models in the Binder Selection Program. These low and high
pavement temperature models for any depth, d, are shown in equations 12 and 13, respectively.

Toav(ming = =1.56 + 0.72Tsirminy - 0.004¢° + 6.26log(H + 25) - (4.4 + 0.526 sirminy)"> evvvrverevences eq. 12
Tpavimax) = 54.32 + 0.78Tairmax) - 0.0025¢° - 15.14log(H + 25) + 2(9 + 0.616%air(max) " evreveneene eq. 13
where, Toayminy = Minimum HMA pavement temperature, °C

Tpavimaxy = Maximum HMA pavement temperature, °C

6’ainminy = Standard deviation of the mean low temperature, °C

czai,(max) = Standard deviation of the mean 7-day average high temperature, °C
z = 2.055 for 98% reliability, from the standard normal distribution table

All other terms are as defined earlier.

Equation 12 used in the determination of T,aymin) has an r-squared value of 96%
and a standard error of estimate (SE) of 2.1, for 411 data points (N). Equation 13 used in the
determination of Tpaymax) has r-squared value, SE and N of 76%, 3.0 and 309, respectively.

Comparison of SHRP and C-SHRP low temperature model predictions with the
LTPP model predictions indicated that SHRP estimates were overly conservative (by as much as
15°C). C-SHRP estimates were close to LTPP model only at higher latitudes (50°). This was to
be expected as most of the data used in developing the C-SHRP model came from weather
stations located at those latitudes. At latitudes below 50°, the difference between the improved
model estimates and C-SHRP estimates were about 10°C. As most of the United States is below
the 50-degree latitude, the LTPP model was adopted into the United States and incorporated into
the revised Binder Selection Program (LTPPBind).

The high pavement temperature estimates using the SHRP model were
comparable with LTPP model estimates at air temperatures less than 25°C. But at higher air
temperatures, the difference observed was as much as 5°C, which is almost one temperature
grade higher.

Prior to the introduction of the SHRP models, Solaimanian and Kennedy (97)
developed a model using the method of energy balance at the pavement surface for calculating

maximum pavement temperature from maximum air temperature and solar radiation. They
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assumed the same values of absorptivity (a), emissivity (€), thermal conductivity (k) and
transmission coefficient (t) mentioned earlier in the LTPP models. However, the value of surface
heat transfer coefficient (h;) assumed by them was much lower (3.5 W/m? °C) then that used in
the simplified LTPP model (19.88 W/m? °C). They observed good correlation (2.8° to 3.4°C
difference) between predicted and observed high temperature in the pavement up to a depth of
20 cm. Sensitivity analysis indicated that change in a value by 0.1 changed the predicted
temperature by about 7°F, and an increase in € by 0.1 increased the predicted temperature by
5°F. For the minimum pavement temperature, however, they recommended the use of minimum
air temperature as the minimum pavement temperature, since they observed that maximum
difference between the two was about 1° - 2°C.

Given the relatively moderate r-squared value of 76% for the LTPP high-
temperature model and the increasing costs of modified binders, researchers in other states have
attempted to correlate the air and pavement temperature occurring locally within their states or
districts.

Bosscher et al. (98) instrumented a test section in Trempealeau County,
Wisconsin and used the data collected for 22 months to develop a statistical model for the
estimation of high and low pavement temperature based on weather data. Their model estimates
showed good correlation with the LTPP low temperature model estimates, but not with the high
temperature model. They found that the LTPP and the SHRP models underestimated pavement
temperatures when the air temperature was above 30°C. In addition, they found that the
assumption of equal standard deviation value for both air and pavement temperature made in
LTPPBIind software was not valid. At high temperatures, the standard deviation of pavement
temperature was much greater than that of air temperature. The reverse was observed to be true
at low temperatures. They further stressed the importance of daily peak solar radiation and the
daily total solar radiation in estimation of maximum air temperatures. Their high temperature

model, which incorporated these two terms, had an r-squared value of 92%.
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Lukaken et al. (99) independently developed a pavement temperature prediction
model using data available from the Seasonal Monitoring Program (SMP) sites. Their models
gave results comparable with the results predicted by the FHWA team models (LTPP-SMP). The
model r-squared values were also similar to those obtained by FHWA team. The authors found
that latitude and depth played the most significant role in pavement high temperature prediction.
On the other hand, minimum pavement temperature was most affected by the air temperature.

Bartha (100) investigated the fluctuations in temperature gradient in the surface
layer of an asphalt pavement in Hungary. He observed that the highest heating and cooling rates
during the summer months occurred between 8:00 a. m. to noon and 4:00 p. m. to 8:00 p. m,,
respectively. A heating rate of 4 to 5°C/hr and a cooling rate of -3 to -4°C/hr were found to occur
most frequently in the surface layer. This agrees closely with cooling rate of the pavement
(10°F/hr) selected by Christensen in his IDT creep compliance data analysis.

Wahhab and Balghunaim (101) investigated the influence of air temperature on
HMA pavement temperature in inland and coastal HMA pavements in the arid climate of Saudi
Arabia. In the inland pavements, the maximum air and pavement temperature occurred in July,
whereas in the coastal pavements the maximum temperature occurred in August. The maximum
pavement temperature was observed to occur at a depth of 2 cm into the pavement, but not the
pavement surface. Thinner slabs experienced higher temperatures than thicker slabs. The
difference between maximum air and pavement temperatures in the inland and coastal
pavements was about 16°C and 10°C, respectively. The minimum temperature occurred in

January, in both the coastal and the inland pavements.
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CHAPTER 3 -- DESCRIPTION OF TEST SECTIONS

3.1 Background

The materials used in this research, along with the field cores and distress
observations, were all collected from the six experimental test sections constructed as a part of
the Indiana SPS9-A studies. Detailed description of the test sections is provided below.

The SPS9-A experiments were set up to provide validation of SHRP binder
specifications through controlled test sections. In addition, SPS9-A studies also provided a direct
comparison between the existing (conventional) mixture design procedures and SUPERPAVE
mixture design and binder specifications in terms of performance. Long-term performance data
collected at the SPS9-A sites allow for the evaluation and modification of binder specifications at
the local, regional and national level and for the refinement of the SUPERPAVE models.

Indiana’s pilot SPS9-A project was constructed to evaluate the performance of a
test section built using Marshall mix design procedures with the performance of sections built with
newly introduced SUPERPAVE mix design procedures. Marshall mix design procedures and
viscosity-graded asphalts were commonly used in Indiana at the time this study was being
considered. As per SPS9-A test site requirements, the supplemental sections were constructed
with binders that were one or two grades away from the design grade at the test site. Finally, the
Indiana Department of Transportation (INDOT) was also interested in the performance of

pavements built with recycled asphalt pavement (RAP) material.

3.2 Location of the Test Sections

The Indiana SPS9-A project was constructed in the summer of 1997 near

Indianapolis on I-70 E in Hancock county. The site is 2.5 km (1.6 miles) long and is located about
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22.5 km (14 miles) east of the 1-465 loop around Indianapolis. Figure 3.1 shows the location of
the test site and Figure 3.2 shows the general layout of the test sections. The test site consists of
six test sections, each 300 m (984 ft) long. Each test section is further subdivided into a 150-m
long (492 ft) monitoring region (MR) and two 75-m long (246 ft) coring regions (CR) located on
both sides of monitoring region. The test sections are separated by a 115 m (377 ft) transition
region (TR). The contractor (INDOT contract # R-22923) in charge of construction of this project

was E & B Paving, Inc.

Location of
SPS9-A site

/

N

genaratad by:
accessindiana

Figure 3.1 -- Location of the project site in Indiana
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3.3 Layout of the Test Sections

This section gives a brief outline of the pavement cross section, coring operation
and equipment used in traffic and weather monitoring. Further details regarding the construction

and instrumentation are given later in this chapter.

3.3.1 Pavement Structure
The new pavement installed at the study site was a part of the two-lane highway
consisting of a surface and an intermediate layers built over cracked and seated jointed
reinforced concrete pavement (JRCP) that was used as a base course. The surface layer was
about 55 mm (2.2 in.) thick and the intermediate layer was about 110 mm (4.3 in.) thick. The

cross-section of the pavement is shown in Figure 3.3.

surface course (HMA) C/L

| 53-61mm
_106 =122 mm

241 - 254 mm

Figure 3.3 -- Cross section of the pavement at the test site

3.3.2 Temperature and Weather Monitoring Equipment
A weather station was set up adjacent to the test site to monitor air and
pavement temperatures. Temperature sensors were installed at various pavement depths (see
Figure 3.4) in the Section 3. In addition, the weather station shown in Figure 3.5 was also set up
to monitor other climatic data such as relative humidity, wind speed, wind direction and solar

radiation. A data acquisition unit (CR10x) was used to record the signals from these sensors at
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15-minute intervals. Data from the CR10x unit was downloaded remotely from Purdue University

via modem link. All these sensors and instruments were purchased from Campbell Scientific, Inc.

Depth from 150 mm
surface (mm)

east west

0

47
94

150

53 - 61 mm surface layer

122 mm intermediate layer

300 T 241 - 254 mm base course

480 T
600 mm x 600 m
nstrumentation p

614

Figure 3.4 -- Location of sensors in the pavement

Figure 3.5 -- Weather station near the test site on I-70E
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3.3.3 Traffic Monitoring

To get a reliably accurate estimate of the traffic volume at the test site, the data
from a nearby weigh-in-motion (WIM) station located a few miles east of the study site was used
to calculate the number of ESALs. However, due to the presence of an exit and entry ramp in
between the WIM station and the study site, additional traffic counters were installed on the exit
and entry ramps to estimate the number of vehicles exiting the highway before the WIM station
and entering the highway after the location of the study site. Data from these traffic counters was
recorded on Automatic Data Recorders (ADR) and collected on a bi-monthly basis. Figure 3.6

shows the traffic station and the ADR unit.

Figure 3.6 -- Traffic station on |-70E at exit 104
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3.3.4 Details of Coring Region
Field cores were obtained from the coring region every six months for a period of
two years following construction. A final set of field cores was obtained at the end of four years.
The cores were obtained from the wheel path of the driving lane. Figures 3.7 through 3.9 and
show the coring operation. These core sets were coded as follows:
e A = obtained soon after construction (within 2 weeks)
e B = obtained 8 months after construction
e C = obtained 1 year after construction
e D = obtained 1.5 years after construction
e E = obtained 2 years after construction
e F = obtained 4 years after construction
Each set of field cores consisted of eight 6” diameter cores from each test
section. Four out of the eight cores were obtained from the coring region (75 m long) before the
monitoring region of each test section and the remaining four were obtained from the coring
region (75 m long) after the monitoring region. Figure 3.10 shows the sampling area within each
75 m of coring region. Figure 3.11 shows the location of each core within the 8-m sampling area

at each time (interval).

Figure 3.7 -- Coring operation



Figure 3.8 -- Core removal

Figure 3.9 -- Hole showing pavement cross-section
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3.4 Research Variables

3.4.1 Material Selection

The binder selected for the control SUPERPAVE section was based on expected
traffic volume and temperature data from LTPPBind, formerly known as SHRPBIND. LTPPBind
is a software product that calculates the design pavement temperature with 50% reliability at any
given test site, based on historical temperature data collected at or around the vicinity of the test
site. The recommended binder grade for this study site based on weather data alone was
PG58-16, at 50% reliability and PG58-28 at 98% reliability. However, due to the expected traffic
volume of 30 million to 100 million ESALs during the service life of the pavement, the high
temperature grade was increased resulting in a PG64-28 binder, which was the binder used in
Section 2 (control section).

To study the effect of binder grade on thermal cracking, a binder with a lower
low-temperature grade (PG64-16) than the control was used in Section 6. To evaluate the
influence of binder grade on rutting performance of the mixtures, two additional sections were
constructed; Section 5 with a higher high-temperature grade (PG70-28) and Section 3 with a
lower high-temperature grade (PG58-28) than the binder used in the control section (PG64-28).
The binder used in Section 5 was a Styrene-Butadiene-Styrene (SBS) modified binder with a
gellant.

Marshall mix design with AC-20 binder was used in the construction of Section 1.
AC-20 was the typical binder grade used in this part of Indiana prior to the introduction of
SUPERPAVE mix design methodology. This section was constructed to compare the
performance of the local state highway agency’s binder and mixture design with that of the new
SUPERPAVE binder and mixture design specifications. A test section with 15% RAP and
PG64-28 binder was also constructed to evaluate the performance of RAP section (Section 4)
with the control section (Section 2). Sections 1 through 6 will be referred to as M-AC-20, S-64-

28, S-58-28, R-15%, S-70-28 and S-64-16, respectively, in the remainder of the report.
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Course

courses. Of these, one was a Marshall mix design and the other two were SUPERPAVE mix

3.4.2 Mix Designs
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Three different mix designs were employed in the construction of the surface

designs; one without RAP and the other with 15% RAP. Table 3.1 shows the binder grade,

aggregate type, design asphalt content (Pywes), %), design voids in the mineral aggregate

(VMAges), %) and the design voids filled with asphalt (VFAges), %).

aggregate gradation for the three mix designs used. The nominal maximum aggregate size

(NMAS) of the surface course mixtures was 9.5 mm.

Figure 3.12 shows the

Table 3.1 -- Binder grade, aggregate type and design values used in the surface course

. . Section Aggregate . Pb(des) VMA(des) VFA(des)
Mix Design D Type Binder Grade o, % %
Marshall | M-AC-20 | S'ag. dolomite, AC-20 6.2 165 | 624
natural sand
$-64-28 | 0 dolomite PG64-28
S-58-28 , do ; PG58-28
SUPERPAVE S-70-28 dglr:Jcrjn;tlc”srﬁlgd PG70-28 6.5 15.0 56.7
S-64-16 g PG64-16
slag, dolomite, .
SUPERPAVE | R-15% | dolomiticsand | ~Co4-28with | ¢ 4 154 | 584
15% RAP
and RAP
100 .
/ .
> 80 | control points
.g 1 \ .
& 60|
< ]
0>J i
£ 40 |
E 1 M-AC-20
3 o201 L ° —B— S-XX-XX
| —%—R-15%
0 ] f f f
0 1 2 3 4

(Particle Size)*® mm

Figure 3.12 -- Gradation chart for the surface course mixtures
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the intermediate course mixtures.

intermediate mixtures of each section. The NMAS of the intermediate course was 19 mm. Table
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Similar to the surface course mixtures, three mix designs were also employed in

The same binder was used in both the surface and

3.2 shows the binder grade, the aggregate type and the design volumetric data for intermediate

course mixtures and Figure 3.13 shows the gradation chart for the intermediate course

aggregate. The blending charts for both the surface and the intermediate courses are shown in

Appendix A.
Table 3.2 -- Binder grade, aggregate type and design values used in the intermediate course
Mix Design Section Aggregate Type | Binder Grade Pb‘fdes’ VMf‘ (des) VF{,\“"“)
ID %o %o %o
M-AC- | crushed stone and
Marshall 20 natural sand AC-20 4.3 14.8 69.6
S-64-28 PG64-28
S-58-28 | crushed stone and PG58-28
SUPERPAVE | 57028 | stone sand PG7o-28 | >0 | 1% | 658
S-64-16 PG64-16
crushed stone, .
SUPERPAVE | R-15% | stonesandand | ~Co428with | 47 | 149 | 664
15% RAP
RAP
100 °
[
80 | /
2 1 control points
= |
% 4
s 60 \
" |
q>.) 1 [ ]
g 40 ¢
L | M-AC-20
€
3 20 | 7/ e —B— S-xx-xX
| —%—R-15%
0 ] ‘ — i — —
0 1 2 3 4 5

(Particle Size)’*% mm

Figure 3.13 -- Gradation chart for the intermediate course mixtures
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3.5 Construction Details

The existing pavement at the test site was an HMA overlay over a jointed
reinforced concrete pavement (JRCP) base course. In preparation for the construction of the test
sections, the existing HMA pavement was milled out prior to cracking-and-seating of the JRCP
base layer. The new HMA overlay was placed in two layers surface and intermediate, of variable
thickness over the cracked-and-seated JRCP base. The surface layer was placed in a single lift
of 53 - 61 mm (2.1” - 2.4”) thickness and the intermediate layer was placed in two lifts of 53 - 61
mm each (see Figure 3.3). The lift thickness was greater along the centerline of the pavement
and lower along the edge (shoulder) of the pavement. Figures 3.14 and 3.15 show the pavement

laydown and compaction.

Figure 3.14 -- Pavement laydown operation
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Figure 3.15 -- Pavement compaction operation

3.5.1 Weather Monitoring Station

A 600 mm x 600 mm pit that was approximately 1-m deep was excavated in the
middle of the driving lane of test Section 3 for instrumentation purposes (Figure 3.16) after the
construction of the intermediate layer. A 50-mm diameter steel pipe was inserted into the side of
the pit to run the sensors cables to the weather station located at the side of the road. Two sets
of sensors, Type-T thermocouples and thermistors, were installed at each depth to provide
redundancy in the temperature readings obtained.

Small holes for sensors were drilled at pre-determined depths into the sides of
the instrumentation pit, using a power drill. Two thermocouples, labelled east and west were
placed on opposite sides of the hole at each depth. The thermistors were also placed on the
south side of the hole at approximately the same depth as the thermocouples. After the sensors
were installed at their locations, each sensor hole was filled with silicone and sealed. Figure 3.17
shows the sealing operation in progress. The sensors for the surface layer were enclosed in a

steel box that was placed flush with the top of the intermediate layer (Figure 3.18) and the
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instrumentation hole was backfilled with portland cement concrete (PCC) and allowed to set

(Figure 3.19).

Figure 3.16 -- Instrumentation pit

Figure 3.17 -- Sealing the sensor drill holes
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After the surface layer was compacted, the steel box was exposed by cutting and
removing the upper layer on top of the box. The top two sensors were then removed from the
box and installed into the holes drilled into the surface layer. After installation of the sensors in
the surface layer, the holes were sealed with silicone and the exposed area was filled with

bituminous patching material and compacted.

Steel box

containing -
surface layer |
sensors

Ml
=3t

Figure 3.19 -- Steel box set flush with the intermediate layer encased in PCC
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3.6 _Quality Control Testing

Quality control testing was conducted on plant mixture (truck) samples and the
original binder samples collected at the time of construction. Tests on the loose and compacted
mixtures samples included the determination of (a) maximum theoretical specific gravity (Gnm),
(b) asphalt content (Py), (c) bulk specific gravity (Gnp), (d) gradation of extracted aggregate and
(e) calculation of volumetric properties (P,, VMA, VFA). The original binders was tested to verify
their performance grades, in addition to other tests such as, (a) specific gravity, (b) penetration,

(c) absolute viscosity and (d) kinematic viscosity.

3.6.1 Surface Course

Table 3.3 shows the Gym, Gmb, Puiac) @and the volumetric properties of the surface
course mixtures. The Gy, and Pyqc) data shown in Table 3.3 is average of two test results. The
bulk specific gravity values shown in this table are the average values of six samples compacted
to Nmax Of 204, from which Gy at Nges Of 126 were estimated. The Pgqc), VMA(qc) and VFA(qc)
shown are estimated at Ngs by back-calculation. Table 3.4 shows the results of the sieve
analysis performed on the extracted aggregate from each section of the surface courses. This
table also shows the allowable tolerance values for the sieve sizes, per 1995 Indiana Standard
Specifications 401.04, Acceptance of Mixtures.

The asphalt content values obtained from quality control (QC) tests was within
the acceptable tolerance of + 0.5% of the design value (shown in Table 3.1) in all surface
mixtures, except the Marshall section (M-AC-20). The Pyqc)y of S-64-28 mixture fell below the
design P, of 4.0% at Nges, specified in AASHTO MP2 (102). Low Pgqc) at Nges is indicative of
potential for rutting problems early on in the life of the pavement. The P,qc) of S-70-28 and S-64-
16 was much higher than the desired value, while the P,qc) of S-58-28 and R-15% were close to
4.0%. Only S-70-28 satisfied the minimum VMA requirement of > 15.0 (AASHTO MP2-95). The

VMA of the remaining sections was below the minimum requirement.
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Table 3.3 -- Volumetric properties of the surface course mixtures

M-AC-20 2474 5.5 2.307 2.265 7.6 14.8 2474
S-64-28 2.438 6.8 2.391 2.340 3.0 14.4 2.438
S-58-28 2.482 6.8 2.406 2.358 4.3 13.9 2.482

R-15% 2.484 6.3 2.409 2.361 4.4 13.5 2.484
S-70-28 2.457 6.2 2.367 2.305 5.1 15.0 2.457
S-64-16 2.493 6.6 2.392 2.323 5.5 14.5 2.493

Table 3.4 -- Results of sieve analysis of extracted aggregate from the surface mixtures

Percent passing 4.75 mm Percent passing 75 ym
Section ID allowable allowable
measured measured
range range
M-AC-20 62.5 56.0 - 67.1 3.3 1.8-3.2
S-64-28 €04 44.2 -556 5.1 4.3-57
S-58-28 59.0 5.1
R-15% 56.0 441-555 55 34-438
5-70-28 50.2 44.2 - 556 4.8 4.3-57
S$-64-16 56.7 5.5

*per Indiana Standard Specifications 401.04
As is evident from Table 3.4, S-70-28 was the only section that satisfied the
tolerance criteria in both the sieve sizes, while R-15% satisfied neither of the criteria. The results

of the remaining sections were mixed.

3.6.2 Intermediate Course

Tables 3.5 and 3.6 show the volumetric properties of the intermediate course
mixtures and the results from the sieve analysis, respectively. As in the case of the surface
mixtures, the Pyqc), VMA@c) and VFA qc) shown here are the estimated values at Nges.

The Ppqcy of M-AC-20, S-64-28, S-58-28 and S-70-28 satisfied the = 0.5%
tolerance range around the design value shown in Table 3.2, while R-15% and S-64-16 did not.
The P,qc) of all the test sections fell below the minimum requirement of 4.0% (AASHTO MP2).
R-15% did not satisfy the VMA and the VFA requirements of > 13.0 and 65 - 75, respectively. All

the other sections satisfied the VMA requirement, but showed mixed results in regard to VFA.
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Table 3.5 -- Volumetric properties of the intermediate course mixtures

Py [ P. | VMA | VFA
% | Nuax | Naes | % % %
M-AC-20 | 2.489 50 | 2440 | 2346 | 36 | 134 | 744
S-64-28 | 2459 54 | 2441 | 2360 | 22 | 139 | 845
S-58-28 | 2462 54 | 2442 | 2348 | 36 | 142 | 744
R-15% 2.499 4.2 2488 | 2392 | 20 | 113 | 826
S-70-28 | 2453 54 | 2428 | 2339 | 26 | 145 | 822
S-64-16 | 2.480 46 | 2440 | 2346 | 32 | 134 | 762

Section ID Gmm

Table 3.6 -- Results of sieve analysis of extracted aggregate from the intermediate mixtures

Percent passing Percent passing Percent passing
Section 12.5 mm sieve 4.75 mm sieve 75 um sieve
ID allowable allowable allowable
measured measured measured
range range range
M-AC-20 76.8 64.3-75.7 39.9 27.0-384 3.7 1.8-3.2
-64-2 . 40. 4.
S-64-28 69.3 71.8-83.5 0-5 37.8-49.2 S 26-4.0
S$-58-28 67.7 41.0 5.2
R-15% 63.4 68.1-79.5 34.8 33.0-444 5.0 28-4.2
-70- 77.1 45, 4,
S-70-28 71.8-83.5 53 37.8-49.2 > 26-4.0
S-64-16 70.0 40.1 4.7

*per Indiana Standard Specifications 401.04

All the test sections failed to meet the allowable range for percent passing the
75-um sieve. All the sections, except M-AC-20, satisfied the criteria for 4.75 mm sieve.
Whereas, all the sections, except S-70-28, did not satisfy the criteria for 12.5 mm sieve.

Independent quality control testing was also conducted by the INDOT Materials
and Test Division (M&T) at Indianapolis. These results, based on one sample, are presented in
Tables 3.7 through 3.9. The Pyes) values from the job-mix formula (JMF) is also shown in Table
3.7 for comparison. These results indicate that the mixtures used in the field satisfied the
gradation specification requirements and that the binder content was close to the JMF values
shown, in most cases. Difference in Pyqc) values obtained by the M&T laboratories and Purdue
University laboratories (reported earlier in Tables 3.3 through 3.6) may be attributed to

differences in extraction technique and day of mixture sample collection. In addition, the M&T lab
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conducted only one ftrial run while the Purdue University lab conducted 2 trials and reported the

average values.

Section ID Surface Course Intermediate Course

M&T Lab | JMF | M&T Lab JMF

M-AC-20 5.6 6.2 4.3 4.3
S-64-28 6.5 6.5 5.2 5.0
S-58-28 6.2 6.5 5.6 5.0
R-15% 6.5 6.4 4.8 4.7
S$-70-28 6.2 6.5 4.5 5.0
S$-64-16 6.6 6.5 4.5 5.0

Table 3.7 -- Binder content results obtained by INDOT M&T lab

Table 3.8 -- Sieve analysis results obtained by M&T lab for the surface mixes

Sieve Size R::'S'Z’ M-AC-20 R::'s's% R-15% R::'S'Z’ S-64-28 | S-58-28 | S-70-28 |S-64-16
475mm | 48-71 | 66.1 - - - - - - -
2.36 mm - ~ |24-552| 461 |24-55| 415 | 399 | 399 | 413
600pm | 6-39 | 264 | 0-275 | 212 |0-275| 208 | 195 | 195 | 204

75um | 0-45 | 36 | 1-11 | 59 |1-11| 69 5.4 5.4 55

Table 3.9 -- Sieve analysis results obtained by M&T lab for the intermediate mixes

sieve Size| R84 % |p.ac-20] R€9-% | g 5y, | ReA-% | 56428 | 5-58-28 | 5-70-28 | S-64-16
pass pass pass
19mm | 80-98 | 953 | 90-100 | 959 |90-100| 949 | 964 | 929 | 951
125mm | 46-90 | 778 - - - - - - -
475mm | 15-50 | 409 - - - - - - -
2.36 mm - | 13-446 | 307 |13-446] 327 | 280 | 270 | 316
600pm | 0-30 | 178 | 0-227 | 135 | 0-227 | 138 | 117 | 113 | 132
75um | 0-6 48 | 0-10 | 56 | 0-10 | 56 49 52 | 52
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3.6.3 Binder Samples

Quality control tests were also conducted on the original binders used in the
project to verify their performance grade. In addition, other properties of the original binder
samples were also determined to provide complete characterization of the binder. These tests
are listed below:

= specific gravity at 16°C, G, (AASHTO T228),

= penetration at 5°Cand 25°C (AASHTO T49),

= rotational viscosity at 135°C and 165°C (AASHTO TP48),

= absolute viscosity at 60°C (AASHTO T202),

= kinematic viscosity at 135°C (AASHTO T201),

= complex shear modulus, |G*| (AASHTO TP5) using the DSR,

= flexural creep stiffness, S (AASHTO TP1) using the BBR and

= failure stress and strain, or and g (AASHTO TP3) using the DTT.

Table 3.10 shows the penetration and viscosity test data for the binders used in
this project. The viscosity data were later used to determine the mixing and compaction
temperature range for each binder. The rotational viscosity of all the binders was below the limit
of 3 Pa-s specified in AASHTO MP1 (103). It is noteworthy that the specific gravity of the
modified binder, PG70-28, was less than 1.000 and that this binder exhibited the tendency to
form very long, unbroken strings.

Table 3.10 -- Specific gravity, penetration and viscosity of the binders

Binder o Penetration (0.1 mm) Viscosity
b Absolute | Kinematic | Rotational (Pa-s
Grade @5°C | @25°C | " p (cSt) | 135°C fe5°c.
AC-20 1.026 26 89 1569 624 456 113
PG64-28 | 1.023 36 79 1118 556 408 92
PG58-28 | 1.017 53 124 656 263 273 73
PG70-28 | 0.962 56 68 4171 593 529 119
PG64-16 | 1.032 16 31 2343 454 425 98
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Tables 3.11, 3.12 and 3.13 show the results of DSR testing of the original,
RFTO-aged and RFTO-PAV aged binders, respectively. The BBR test results are presented in
Table 3.14. These data indicate that AC-20 can be classified as a PG64-22 using the
performance grading system. The results of these performance tests indicate that the binders
used in the study satisfy the performance criteria at the specified temperature grade of the binder,
as per AASHTO PP6 (104).

Table 3.11 -- DSR test results of original binders

Test |G*|/sind (kPa)

Temperature (AASHTO PP6 limit = 1.00 kPa min.)
°C AC-20 PG64-28 PG58-28 PG70-28 | PG64-16
52 2.86
58 3.25 3.90 1.27 5.36
64 1.31 1.73 0.53 2.77 1.99
70 0.41 0.84 1.39 0.91
76 0.69

Table 3.12 -- DSR test results of RFTO-aged binders

Test |G*|/sind (kPa)
Temperature (AASHTO PP6 limit = 2.20 kPa min.)
°C AC-20 | PG64-28 | PG58-28 | PG70-28 | PG64-16
52 5.70
58 6.34 4.88 2.40 5.76
64 2.78 2.34 1.07 511 2.18
70 1.11 1.09 2.84 1.6
76 0.56

Table 3.13 -- DSR test results of RFTO-PAV aged binders

Test |G*|sind (kPa)

Temperature (AASHTO PP6 limit = 5000 kPa max.)
°C AC-20 | PG64-28 | PG58-28 | PG70-28 | PG64-16
31 4802
28 2656 X 6716
25 4010 2227 X 9367
22 5902 3327 3565 X
19 5061 4961
16 7339
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Table 3.14 -- BBR test results of RFTO-PAV aged binders

Test AC-20 PG64-28 PG58-28 PG70-28 PG64-16
Temperature S, S, S, S, S,

°C MPa| ™ |[mMPa| ™ |mMPa| ™ |mMPa| ™ |[mMPa| ™

-6 112 | 0.318

12 186 | 0.314 357 | 0.252

18 415 | 0.267 | 200 |0.314] 196 | 0.302| 70 |0.307

-24 329 | 0.276 | 441 | 0.246 | 132 | 0.204

Table 3.15 -- DT test results of RFTO-PAV aged binders

Test AC-20 PG64-28 PG58-28 PG70-28 PG64-16
Tempoecrature O, &, O, &, O, &, O, €, O, &,
MPa % MPa % MPa| % | MPa % MPa %
-6 245 | 0.78
-12 3.52 2.18 | 0.37
-18 2.91 445 | 2.06 | 4.05 | 1.14 | 212 | >10.0
-24 3.92 | 0.80 | 2.54 | 0.34 | 3.90 | >10.0

3.7 Subgrade Properties

In addition to the above-mentioned quality control tests, soil testing was also
conducted to determine the properties of the underlying subgrade and subbase soil. Auger holes
were drilled at various points along the shoulder to obtain soil samples for testing. Tests
conducted on these soils samples included the Atterberg limits, sieve analysis, moisture content,
etc. Based on these data, the subbase soil at all the test section was classified as “A-1-a” and
“sandy silt with gravel”, according to AASHTO M145 (105) and ASTM D2488 (106), respectively.
Soils classified as “A-1-a” have plasticity index (Pl) < 6 and the cumulative percent passing the
no. 10, no. 40 and no. 200 sieves are < 50, < 30 and < 15, respectively. Soils classified as
“sandy silt with gravel” according to ASTM D2488 meet the following criteria: Pl < 4, cumulative
percent passing sieve no. 200 < 30 and the percentage of gravel > 15.

The subgrade soil classification is given in Table 3.16. The AASHTO and ASTM

criteria for these soil classifications are given in Table 3.17.



Table 3.16 -- Subgrade soil classification

Section ID Location* D:fi‘gsr?a-l;iccjan ASTM Designation
M-AC-20 g‘ ﬁﬁiﬁ 22?53? gﬁ; S'Z‘i
S-64-28 g‘ ﬁZS 22225 :222 2:2§
S-58-28 g ﬁ:g sandflalggz I:I:)r/] \?vlla ;ravel

R-15% 2 e iiﬂﬁi o 2!25
57028 A N Sandy sty olay
S-64-16 g‘ QZS 22235 :ZZ: 2:3

* A = before the monitoring region; B = after the monitoring region

Table 3.17 -- AASHTO and ASTM criteria for the soil classifications shown in Table 3.16

Classification Criteria
percent passing
no. 10 =50
A-1-b PI<6 no. 40 < 30
no. 200 <15
A-2-6 IE,IIf ﬁ) percent passing no. 200 < 35
A-4 IE,IIf 148 percent passing no. 200 = 36
A-6 IE,IIf 14$ percent passing no. 200 = 36
LL <50 percent passing no. 200 > 30
sandy lean clay Pl1>7 percent gravel < 15
sandy lean clay LL <50 percent passing no. 200 > 30
w/ gravel PI>7 percent gravel > 15
. LL <50 percent passing no. 200 > 30
sandy silty clay 4<PIL7 percent gravel < 15
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CHAPTER 4 -- FIELD EVALUATION OF TEST SECTIONS

4.1 Background

Field evaluation of the study site was conducted at regular intervals to provide
data for assessment of the long-term performance of the test sections. Data from field surveys
could be used to provide validation for the SUPERPAVE Binder Selection program. Field
evaluations were conducted by the Long-Term Pavement Performance (LTPP) North Central
Regional Coordinator’s office of ERES Consultants, who were monitoring this SPS9-A site on
behalf of the Federal Highway Administration (FHWA). Field evaluations included (i) manual
distress surveys (pavement condition surveys) conducted every 2.5 years (ii) transverse profile
measurements (Dipstick®) taken every 2.5 years and (jii) longitudinal profile measurements (K. J.
Law Profilometer®) taken every year.

In addition to field evaluations, the weather and traffic conditions at the test site
were also monitored during the study period. Weather data was downloaded from the test site
remotely via a phone link from Purdue University. As mentioned earlier in Chapter 3, one of the
test sections (S-58-28) was instrumented with temperature sensors that were connected to a
weather station that was installed at the test site. In addition of pavement temperature, other data
such as air temperature, relative humidity, solar radiation, wind speed and wind direction were
also recorded at 15-minute intervals. The instruments used for measuring and recording these
data were obtained from Campbell Scientific, Inc.

Traffic count and vehicle classification data from the mainline was obtained from
the weigh-in-motion (WIM) station located a few miles east of the test site. These data were
obtained from Indiana Department of Transportation (INDOT), Division of Program Development,

located at Indianapolis. To get a better estimate of vehicular traffic at the test site, axle and loop
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sensors were installed on the exit and entry ramps located between the test site and the WIM
station. Automatic data recorders (ADR 3000), supplied by Peak Traffic Inc., were used to collect
the vehicle count and classification data at the entry and exit ramps. Data from the mainline WIM
was adjusted by taking into consideration the volume of traffic exiting off and entering the

highway (mainline) between the test section and the WIM station.

4.2 Data Collection

4.2.1 Manual Condition Surveys

Data collected during manual condition surveys were used to create crack maps
of the driving lane for all the test sections. These crack maps show the location, length and
severity of the longitudinal and transverse cracks present in each 150 m of the test section.
Figure 4.1 shows a typical example of a crack map. Longitudinal cracks typically run parallel to
the centerline of the pavement, and are associated with load-related distress and poor
construction. Transverse cracks run perpendicular to the centerline and are caused due to
excessive thermal stress build up and thermal fatigue, i.e., non-load related.

The guidelines for defining the severity of the cracks are described in the SHRP-
P-338 report, titled “Distress Identification Manual for Long-Term Pavement Performance Project”
(107). The longitudinal and transverse cracks identified in each test section were categorized into
three levels of intensity (low, medium and high) based on the crack width. Cracks are defined as
“low” if “an unsealed crack has a mean width < 6 mm; or a sealed crack with sealant material in
good condition and has a width that cannot be determined”; as “moderate” if “mean width > 6 mm
and < 19 mm; or any crack with a mean width < 19 mm and adjacent low severity random
cracking”; and, “high” if “mean width > 19 mm; or any crack with a mean width < 19 mm and
adjacent moderate to high severity random cracking”. These cracks were identified as “L”, “M”
and “H” on crack maps, as shown in Figure 4.1. The number of transverse cracks in each
category was noted. Cracks less than 0.3 mm in length were not noted. In the case of

longitudinal cracks, the position of the crack with respect to the wheel path was also noted, i. e.,
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wheel path (WP) versus non-wheel path (NWP). Table 4.1 shows the magnitude of distress

magnitude used by LTPP in assessing the relative performance of LTPP test sites.
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Figure 4.1 -- Example of a crack map

Table 4.1 -- Magnitude of distress for each category (LTTP Tech Brief, November 2000)

Distress Type Nominal Moderate | Excessive
Transverse cracking, number 1-10 11-60 > 60
Longitudinal cracking in the wheel path, m 1-50 51-160 > 160
Longitudinal cracking not in the wheel path, m 1-50 51-160 > 160
Rutting, mm <7 7-20 > 20
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4.2.2 Transverse Profiling

Dipstick® manufactured by Face® companies was used to obtain transverse
profiles of the test sections concurrently with the pavement condition surveys. The Dipstick
consists of an inclinometer and an LCD display unit attached to a footpad (305-mm long). Figure
4.2 shows an example of a Dipstick® used to measure the transverse profile of pavements. The
LCD display shows the difference in elevation between the two contact points of the footpad as
the width of the lane is traversed. Profile readings are taken at every 15-m interval along the test
section, at approximately 300 mm intervals across the traverse line. Two runs per profile are
conducted (up and down the same transverse line) to form a closed loop survey. Other details

may be obtained from the SHRP-P-338 report (107) mentioned earlier.

Figure 4.2 -- Example of Face® Companies Dipstick®

Transverse profile data is used to calculate rut depth at 15-m intervals along the
length of the test section. This data is collected in form of x and y coordinates. The x-coordinate
represents the distance from the starting point of the traverse line, typically the edge of the

pavement. The y-coordinate represents the difference in elevation between successive points
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(typically 305 mm apart) on the traverse line. In addition to rut depth and rut width, these data
may be used to calculate other indices recommended by the Distress and Data Analysis Expert

Task Groups (ETGs), such as fill area, positive and negative areas, radius of curvature, etc.

4.2.3 Longitudinal Profiling

The K. J. Law Profilometer® T6600 was used to collect longitudinal road profile
data of the wheel paths in the driving lane. These non-contact inertial profilometers are capable
of collecting data while travelling at speeds between 16 - 112 km/h (10 - 70 mph). Figure 4.3
shows an example of a typical K. J. Law Profilometer used to collect pavement profile and
roughness data. Measurements are taken by three infrared displacement sensor assemblies
mounted at the front bumper of the van. Two of the sensors are located in the two wheel paths
and the third sensor, located in the center of the vehicle, is used to compute the rut depth using
the three-point method. The two outer sensors could be adjusted laterally up to £ 50 mm each
(2”) to accommodate different center-to-center distances of different vehicle types. In addition to
displacement transducers, accelerometers and distance measurement sensors are also mounted
on the van to record the vertical acceleration, the longitudinal distance travelled and the speed of
the van. Further operational details for this profilometer may be obtained from the report titled,
“Manual for Profile Measurement: Operational Field Guidelines”, SHRP-P-378 (108) and the
“T6600 Profilometer Operation Manual”’, available at the K. J. Law Profilometer web-site last
accessed in October 2003 (http://www kjlaw.com/tte_systems.htm).

The profile data points were collected every inch, averaged over a 12-inch
interval (running average) and stored in an on-board computer at every 150 mm (6”) of distance
travelled. The average speed of the profilometer was 80 km/h (49.5 mph). The automated rut
data measurement was output in form of root mean square vertical acceleration (RMSVA). In
addition to longitudinal profile data, pavement smoothness indices such as International

Roughness Index (IRI) and the Mays Ride Meter readings were also measured.
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Figure 4.3 —- Example of K.J. Law Profilometer®

To obtain digital transverse profiles, PASCO RoadRecon® system was used.
This system consists of a 35-mm camera mounted on boom at the top of a van. Photographs are
taken approximately every 15 m (50 ft) of test section at night. The camera is synchronized with
a strobe, which has a hairline etched on a glass plate. When the camera is triggered, the strobe
projects a shadow of the hairline on the pavement that is captured on film and later digitized
along with the coordinates of the hairline image. The film is then used to obtain the digital
transverse profile of the pavement. For SPS projects with different test sections, as in this study,
the entire project is flmed many times to obtain at least two best complete passes. Further
details regarding data collection and data analysis may be obtained from the report titled,
“Photographic Pavement Distress Record Collection and Transverse Profile Analysis”’, SHRP-P-

660 (109).

4.2.4 Air and Pavement Temperatures
To monitor temperature at the pavement surface and at different depths in the
pavement, thermocouples were installed in the pavement and in the subbase. Two
thermocouples aligned east and west, respectively, were installed at each depth and their

readings were averaged to provide temperature at the given depth. In addition, thermistors were
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also installed at the same depth for redundancy in case of failure of thermocouples. Locations of
the sensors in the pavement were shown in Chapter 3. Temperature data was used to calculate
the monthly and hence the design minimum and maximum air and pavement temperatures, as
per SUPERPAVE definitions. In SUPERPAVE design methodology, the design minimum air and
pavement temperatures are defined as the lowest minimum air and pavement surface
temperatures occurring at a given location, respectively. The design maximum air temperature is
defined as the highest 7-day mean high air temperature occurring at any given location.
Similarly, the design maximum pavement temperature is defined at the highest 7-day mean high

pavement temperature, and is calculated at 20 mm depth.

4.2.5 Traffic Volume and Vehicle Classification
The traffic sensors installed in the exit and entry ramps consisted of two axle
sensors and two loop sensors arranged in series, as shown in Figure 4.4. Of these four sensors,
only the combination of axle-loop-axle array was used to monitor the traffic; the second loop
sensor was installed as a backup in the event that one of the other sensors failed. Data was
recorded on to a PC card in the ADR unit, and downloaded to a laptop computer once a month.
Data from this station was used to adjust the vehicle count obtained from the WIM station located

further down the test site.
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Figure 4.4-- Layout of traffic sensors on the exit and entry ramps

4.3 Analysis of Field Survey Data

4.3.1 Condition Surveys

Table 4.2 shows the summary of the transverse cracks observed in each of the
six 150-m test sections. S-70-28 showed the maximum total length of transverse cracking at the
end of 3.5 years, followed by S-64-16. In S-70-28, the percentage of low and medium intensity
cracks was approximately equal and accounted for majority of the transverse cracking in this
section. S-64-16 did not exhibit any high-intensity cracks, but exhibited a higher percentage of
medium-intensity cracks. S-58-28 did not exhibit any transverse cracking at the end of 3.5 years,
while M-AC-20, S-64-28 and R-15% exhibited minimal amount of transverse cracking.

The total number of cracks in each section was determined by summing the
number of cracks in the low, medium and high categories. Conclusions regarding the relative
performance of the test sections were drawn using the criteria shown in Table 4.1. S-70-28

showed the highest amount of transverse cracking, but only of “moderate” magnitude. M-AC-20,
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S-64-28, R-15% and S-64-16 showed nominal levels of cracking, while S-58-28 showed no
traverse cracking at the end of 3.5 years.

Table 4.2 -- Number and lengths of transverse cracks observed

Section Age Number of Cracks/Level | Crack Length (m)/Level | Total Crack
ID (vears) | | ow Med High Low Med High | Length (m)
M-AC-20 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 1.0 3.0 0.0 3.7 10.4 0.0 14.1
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S-64-28
3.5 1.0 0.0 0.0 3.7 0.0 0.0 3.7
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S-58-28
3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
R-15% 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 1.0 0.0 0.0 3.2 0.0 0.0 3.2
$-70-28 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 14.0 13.0 2.0 39.4 45.8 7.4 92.6
S-64-16 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 2.0 8.0 0.0 3.0 24.2 0.0 27.2

Table 4.3 shows the lengths of longitudinal cracks observed in the wheel path
(WP) and outside the wheel path (NWP) at the end of 1 and 3.5 years. The total crack length for
longitudinal cracks was determined by summing the lengths of cracks in the low, medium and
high category. M-AC-20 did not exhibit any longitudinal cracking at the time of the last survey,
whereas S-64-16 showed the highest total length of longitudinal cracking. Overall, the incidence
of longitudinal cracking in the wheel path was lower than that observed outside the wheel path.
Excessive loads (high tire pressures) are known to cause WP cracks at the edges of the wheel
path of rutted pavements. Longitudinal cracks present between adjacent lanes and along the
shoulders are caused due to the low density of the HMA along these areas. This results in low
tensile strength of the HMA, which makes these areas more prone to low-temperature cracking.
No longitudinal cracks were observed in the wheel paths of most of the test sections, except in
S-70-28 and S-64-16, which exhibited low intensity cracks in the wheel path. This indicates that
most of the test sections were adequately designed to support the traffic loads experienced by

the pavement thus far. No high-intensity cracks were observed outside the wheel path in all the
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test sections. Although, both S-58-28 and R-15% exhibited approximately the same amount of
total crack length outside the wheel path, S-58-28 had significantly higher medium intensity
cracks than R-15%. The total length of the low and medium intensity cracks in R-15% was
approximately equal.

Using the LTPP criteria shown in Table 4.1, it can be seen that S-70-28 and
S-64-16 showed moderate amount of longitudinal cracking in the wheel path. While M-AC-20 did
not exhibit any longitudinal cracking, all the SUPERPAVE test sections showed moderate
longitudinal cracking outside the wheel path. Among the SUPERPAVE test sections, S-58-28
and R-15% showed comparable crack lengths (~150 m). S-64-28 showed the least amount (89
m) of cracking outside the wheel path.

Table 4.3 -- Lengths of longitudinal cracks observed

Section Age Length of Cracks in WP Length of Cracks NWP | Total Crack
ID (vears) Low Med High Low Med High Length (m)
M-AC-20 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S-64-28 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 0.0 0.0 0.0 27.5 61.0 0.0 88.5
S.58-28 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.5 0.0 0.0 0.0 14.0 138.5 0.0 152.5
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
R-15%
3.5 0.0 0.0 0.0 73.0 70.0 0.0 143.0
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S-70-28
3.5 63.0 0.0 0.0 26.5 113.8 0.0 203.3
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S-64-16
3.5 112.9 0.0 0.0 0.0 152.5 0.0 2654

4.3.2 Profile Surveys
Transverse and longitudinal profile data were used to plot 3-D graphs showing
elevation, driving lane width and length of test section on the three axes, respectively. These
graphs are shown in Figures 4.5 through 4.10. The vertical scale is exaggerated for effect in

these Figures.
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Examination of these Figures clearly indicates the presence of rutting in the
wheel paths. The rut depth was typically more pronounced in the right wheel path of the driving
lane of all the test sections. R-15%, S-70-28 and S-64-16 showed heave (positive elevation) in
the left wheel path at the end of 1 and 3.5 years. Recall that Dipstick® profiles were measured
every 15 m along the length of the section. The highest maximum rut depth (as defined by the
difference between highest point between the wheel paths and lowest point in the wheel path)
occurring in each section was used to draw conclusions. At the end of 1.5 years, the highest
maximum rut depth was observed in M-AC-20, S-64-28 and S-64-16 was 4 mm. R-15% and S-
70-28 exhibited 5 mm rut, while S-58-28 exhibited the highest amount of rutting, 6 mm. At the
end of 3.5 years, no change in maximum rut depth was observed in M-AC-20, S-58-28 and S-70-
28 (4 mm, 6 mm and 5 mm, respectively). However, an increase in the area of “heave” was
observed in S-70-28. S-64-28, R-15% and S-64-16 showed a 2-mm increase in the maximum rut
depth at the end of 3.5 years (6 mm, 7 mm and 6 mm, respectively). These Figures also show a
slight shift in the rut to the right, i. e., towards the shoulder. This shift may be accounted for by
the tendency of the vehicular traffic to avoid the numerous, patched core holes present along the
wheel path. As mentioned earlier in previous chapter, core samples were collected from the test
sections at different intervals for laboratory study.

The average value of the elevation at each 305-mm interval was calculated to
determine the average rut depth along the transverse cross-section of the pavement at the end of
1 and 3.5 years. These data are plotted in Figures 4.11 through 4.16. M-AC-20 showed the
smallest average value of rutting (3 mm) of rutting at the end of 3.5 years compared with the
other sections. When data from 1 year and 3.5 years were compared, R-15% and S-70-28
showed approximately 1 mm to 1.5 mm increase in “heave” in the right wheel path of the driving
lane. S-64-16 showed the highest increase (~1.5 mm) in the rut depth of the left wheel path at
the end of 3.5 years. S-58-28 remained fairly stable, in terms of rutting, between the two survey

periods.



Figure 4.5 -- Road profile of M-AC-20 at the end of 1.5 years (top) and 3.5 years (bottom)
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Figure 4.6 -- Road profile of S-64-28 at the end of 1.5 years (top) and 3.5 years (bottom)
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Figure 4.7 -- Road profile of S-58-28 at the end of 1.5 years (top) and 3.5 years (bottom)
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(top) and 3.5 years (bottom)

Figure 4.8 -- Road profile of R-15% at the end of 1.5 years
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Figure 4.9 -- Road profile of S-70-28 at the end of 1.5 years (top) and 3.5 years (bottom)
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Figure 4.10 -- Road profile of S-64-16 at the end of 1.5 years (top) and 3.5 years (bottom)
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Figure 4.11 -- Average rut depth in M-AC-20
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Figure 4.12 -- Average rut depth in S-64-28
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Figure 4.13 -- Average rut depth in S-58-28
—A—1yr. ——3.5yrs.
4

3.5

0.0 0.5 1.0 1.5 2.0 25
Lane Width (m)

Figure 4.14 -- Average rut depth in R-15%
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Figure 4.15 -- Average rut depth in S-70-28
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The most commonly used distress index used by practitioners to evaluate the
pavement condition is the rut depth. Since this index provides only a one-dimensional measure
of rutting, the Distress ETG recommended additional distress indices, such as rut width, fill areas,
positive and negative areas, etc (108, 109). Due to the lack of wide usage of fill area indices by
pavement engineers, no correlations between severity of rutting and fill area index have been
established. Therefore, only the rut depth was used to as an indicator of pavement distress in

this study.

4.3.3 Pavement Smoothness

The smoothness of the pavement was assessed by International Roughness
Index (IRI) and the Pavement Serviceability Rating (PSR). These two indices are widely used
and required in most states by the FHWA (110). An IRI value of 0 mm/m indicates perfectly
smooth pavements typically seen in newer pavements. An IRl of 16 mm/m indicates erosion
gullies and deep depressions. On the other hand, PSR ratings range from 0 to 5, with “0”
indicating the worst case or an impassable pavement and “5” indicating a perfect pavement.

For this test site, the IRI values for the left and right wheel paths of the driving
lane were directly obtained from ERES Consultants. PSR values may be computed using two
equations (4.1 and 4.2) shown below, applicable for flexible pavements:

PSR =5.03 - 1.91 log(1+SV) - 1.38 (RD)2 -0.01(C + p)0-5 ........................................ eq. 4.1
where, SV = Mean slope variance over the section from CHLOE profilometer (in./mi)

RD = Mean rut depth (in.)

C = Cracking (m*/1000 m?)

P = Patching (m*1000 m?)

This equation was developed by Carey and Irick in 1960 (Highway Research
Board Bulletin No. 250). The R? and standard error (Se) for this equation were 84% and 0.38,
respectively, based on a sample size of 74. Slope variance was the most significant factor
influencing PSR and deleting the distress terms (C and P) did not alter the accuracy of the rating

significantly. However, due to lack of SV data from CHLOE profilometer in the present study, this
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equation was not used. Instead, equation 4.2 developed by Al-Omari and Darter (110) was used
in the determination of PSR. The R? and Se for the second equation are 81% and 0.35,
respectively.

PSR = 5 exp(_0_24 |R|) ............................................................................................... eq_ 42

where, IRl is in mm/m

Figures 4.17 and 4.18 show the IRI values for the left and right wheel paths at
the end of 6 months and 4 years after opening to traffic, respectively. Figure 4.19 shows the
percentage change between the two time periods. LTPP defines IRI values < 1.4 m/km as
nominal. The IRI data indicated that the pavement was still in very good condition at the end of 4
years in terms of smoothness, as evidenced by the IRI readings that ranged from 0.5 to 0.7
mm/km. The IRI of the right wheel path was typically higher than that of the left wheel path. This
is a previously observed and expected trend in the driving lanes, which occurs due the cross
slope of the pavement and heavy truck traffic occurring on the interstate routes.

On an average, the percent difference in IRI between the left and the right wheel
path was the highest in S-70-28 (40%), followed by S-64-16 (32%). M-AC-20, S-64-28 and
S-58-28 showed a difference of about 16 to 20%, and R-15% showed about 25%. A complete list
of IRI obtained each year for all the test sections are shown in Appendix B. M-AC-20 and
S-64-28 showed the smallest increase in IRI at the end of 4 years (from about 3% to about 6 or
7%, for LWP and RWP, respectively). It should be noted that although S-58-28 showed a
significant percentage increase in IR, the actual values of IRI are quite low and representative of
a good pavement.

Figure 4.20 shows the change in average IRI with time for all the sections. An
unusually high percentage increase in the left wheel path of S-58-28 was observed at the end of
the second year, the cause for which is not known. Examination of crack maps and rut depths
did not show any unusual activity that could account for this anomaly. S-58-28 shows the
greatest change due to a significant increase in the IRI of the left wheel path, as mentioned
earlier. Neglecting this anomaly, S-64-16 showed the highest increase in the IRI of the left and

the right wheel paths. S-64-28 and R-15% followed a similar trend, as did M-AC-20 and S-70-28.
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The PSR values calculated from IRI are given in the Appendix B (Table B1).
Figure 4.21 shows the change in PSR with time. Since these values were calculated from the IRI
value, this plot is a mirror image of Figure 4.20.

As indicated by the low IRI values, the high PSR values also indicate good
pavement condition. The largest change was observed in the case of S-58-28, due to the sudden

change in the left wheel path IRI after 2 years mentioned earlier.
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Figure 4.21 -- Change in PSR with time

4.4 Analysis of Weather Data

Figure 4.22 shows the trends in air and pavement temperature during the study
period (August 1997 to January 2001). Analysis of these data indicates that the minimum air and
pavement temperatures typically occurred during the month of January at this study site. The

mean 7-day maximum air and pavement temperatures occurred between the months of June and
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August. The typical difference between observed air and pavement temperature was about 10°C.
The ranges of maximum air and pavement temperatures recorded were 38.0°C - 43.0°C and

31.5°C - 36.5°C, respectively.
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Figure 4.22 -- Trends in air and pavement temperature at the test site

The observed minimum air and pavement temperature ranged between -19.3°C
to -9°C and -25°C to -14°C, respectively. The observed difference between the minimum air and
pavement surface temperature was about 6°C.

The pavement temperature data from November through March were analyzed
to determine the typical pavement cooling rate occurring at the test site. This value was later
used in Chapter 6 for the determination of thermal stresses in the pavement. The cooling rate per
hour was determined by calculating the change in pavement temperature per every 60-minute
time increment for the entire month of interest. The steepest downward (negative) slope was
taken as the maximum cooling rate observed at the test site during the month of interest. These

values are shown in Table 4.4.
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The highest cooling rate was typically observed in the month of March with the
exception of November 1997, which showed a much higher rate (8°C/h). The cooling rate of
6.5°C/h was used in determination of thermal stresses as this was closer to the typically observed
cooling rate of 5°C/h at this latitude.

Table 4.4 -- Observed cooling rates in the test pavement

Month Cooling rate (°C/h)
1997 1998 1999 2000 2001 2002
Nov 8.0 3.8 4.1 4.9 4.3 -3.8
Dec 3.4 4.4 3.7 3.9 2.7
Jan 4.0 4.2 3.3 3.7 3.7
Feb 4.3 4.9 4.7 3.3
Mar 6.3 6.3 5.1 5.6

4.5 Results from Traffic Data

The estimated Average Annual Daily Traffic (AADT) data obtained from the
mainline WIM station was determined by conducting a 48-hour traffic count and averaging it to
yield the 24-hour daily traffic count. An axle adjustment factor was applied to the 24-hour daily
traffic count to obtain vehicle count, which was then multiplied by a monthly seasonal variation
factor to obtain the annual vehicle count in terms of AADT. The Program Development office of
INDOT reported the following AADT values during the study period: in 1996 — 43,020, in 1998
— 45,850, in 2000 — 37,460 and in 2002 — 41,690. The percentage of trucks operating along

this interstate was about 38%, typically.

4.6 _Summary of Findings

Data from the crack maps indicates that S-70-28 showed the worst performance
in terms on transverse cracking, while S-64-28, S-58-28 and R-15% showed little to no cracking.
M-AC-20 and S-64-16 showed moderate amount of transverse cracks. S-58-28 did not exhibit
any transverse cracks and M-AC-20 did not exhibit any longitudinal cracks. S-70-28 and S-64-16

showed high amounts of transverse and longitudinal cracks. While a high percentage of
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transverse cracks are to be expected in S-64-16 due to its low low-temperature grade (PGxx-16),
the high percentage of transverse cracks in S-70-28 (SBS-modified binder PG70-28) is puzzling.
It is hoped that test data from binders recovered from the field cores might provide insight into this
issue, especially since the minimum pavement temperature at the test site did not exceed the
low-temperature grade of the binder as indicated by the weather data.

The rut depth and IRI of the right wheel path in the driving lane was typically
greater than that observed in the left wheel path. This was expected due to the downward cross-
slope of pavement (towards the shoulder) and the heavy truck volume on the interstate highways.
Shoving (heave) was observed in the left wheel path of R-15%, S-70-28 and S-64-16, possibly
due to migration of pavement material away from the right wheel path. In spite of moderate
amount of cracking observed in some sections, the low IRI and high PSR values indicate good

pavement condition in terms of ridability.
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CHAPTER 5 -- EVALUATION OF RECOVERED BINDERS

5.1 Introduction and Sample Collection

As a part of the validation of the SUPERPAVE binder selection software
(SHRPBIND), binder was recovered from the surface layer of the field cores at specific times
during the course of the study. Eight cores were collected from each test section at each time
period. For the first 2 years after construction, cores were obtained at the following ages (15
days, 8 months, 1 year, 1.5 years and 2 years). A final set of cores was obtained at the end of 4
years. The surface layers were separated from the intermediate course prior to extraction and
recovery process. Binder was recovered from the surface layer cores using the centrifuge
extraction method (ASTM D2172, 111), followed by the rotary evaporator method (ASTM D5404,
112). The solvent used in extraction process was a blend of 85% toluene and 15% ethanol.
Binder recovered from each set of eight cores was combined and mixed thoroughly before testing

to ensure homogeneity.

5.2 Specific Gravity

The specific gravity (G,) of binders (hence, density of the binder) was determined
at 16°C in accordance with AASHTO T228 (113). Typically, two to three replicate samples were
tested until the single-operator precision was satisfied (difference between two results < 0.003).
The average results are reproduced in Table 5.1, along with test data from tank asphalt for
comparison purposes. The percentage increase in the specific gravity of the binder with respect
to tank binder data is shown in the last column. Figure 5.1 shows the relative difference in G, of

binders between tank binder and recovered binder at the end of 4 years.



96

Table 5.1 -- Specific gravity of the binders from all sections at different ages

) Time (in months) Percent
Binder

Tank* | 0.5 8 12 18 24 48 Increase
AC-20 1.026 | 1.034 | 1.036 | 1.046 | 1.047 | 1.050 | 1.051 2.4
PG64-28 1.023 | 1.031 | 1.032 | 1.034 | 1.041 | 1.055 | 1.057 3.3
PG58-28 1.017 | 1.024 | 1.031 | 1.030 | 1.033 | 1.033 | 1.035 1.8
PG64-28 w/ RAP | 1.023 | 1.031 | 1.033 | 1.037 | 1.039 | 1.040 | 1.043 1.9
PG70-28 0.962 | 0.994 | 1.006 | 1.007 | 1.013 | 1.015 | 1.028 6.8
PG64-16 1.032 | 1.038 | 1.040 | 1.041 | 1.041 | 1.042 | 1.047 1.5

* Tested as a part of Quality Control (QC) program
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Figure 5.1 -- Specific gravity of the tank binders and recovered binders at the end of 4 years

As is evident from the table and the graph, PG70-28 exhibited the highest
increase in specific gravity. It may be noted that the G, for PG64-28 tank binder was also used
for R-15%, as the same binder was used in both sections. No tests were conducted on binder
recovered from the RAP used in R-15%. Although the percent increase G, was greatest for
PG70-28, PG64-28 had the highest density at the end of 4 years and PG70-28 had the least

density. Figure 5.2 shows the change in G, with time. It can be seen that in the case of the
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conventional binders, an increase in density was observed until the end of 2 years after which the

G, stayed fairly constant. For the modified binder, the increase in G, continued through the end

of 4 years.
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Figure 5.2 -- Change in specific gravity of recovered binders with time

Although the G, of the different binders appears to be within a small range,
analysis of variance (ANOVA) tests conducted on data from tank binders indicated that the
binders were significantly different (a = 0.05). Since the null hypothesis was rejected, multiple
comparisons were conducted to ascertain which of the binders used were different. Three
methods that are most commonly used by statisticians were used here; Tukey, Bonferroni and
Scheffé. All methods indicated that PG64-28 and AC-20 were similar, and that the remaining
binders were different.

ANOVA tests indicated that the two variables, binder grade and age, had
significant influence on specific gravity of the binder. Further statistical analysis was done using

the above-mentioned multiple comparison methods to determine whether all binder grades and
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age groups were different. Results indicated that tank binders were significantly different from
recovered binders; with no clear distinction among binders of different ages. This suggests that
there was a significant change in the specific gravity of the recovered binders when compared
with the corresponding tank binders. On the other hand, the observed change in specific gravity
occurring with age of the binder was not statistically significant. When the variable “binder grade”
was examined, PG58-28 and PG70-28 were significantly different from the other binders at all

ages.

5.3 Penetration

Penetration tests were conducted on the recovered binders at 5°C (40°F) and
25°C (77°F) in accordance with AASHTO T49 (115). Penetration at 25°C gives a measure of
consistency of the binder at the average yearly service temperature in the U. S. This empirical
test is not typically conducted as a part of SUPERPAVE binder test program, but is still of interest
to some bituminous materials practitioners. In addition, there is a renewed interest among
researchers working with time-temperature superposition and shift factors in the determination of
Viscosity-Temperature-Susceptibility (VTS) parameter, which requires the determination of
penetration and viscosity data at different temperatures. Some researchers have found that low
viscosity binders tend to exhibit high susceptibility to permanent deformation. There is also a
renewed interest in the determination of Viscosity-Temperature-Susceptibility (VTS), defined as
the slope of log log viscosity versus log Kelvin temperature curve, by researchers working with
time temperature superposition and calculation of shift factors. VTS factor is determined using an
empirical equation that requires determination of penetration, absolute viscosity, rotational
viscosity and softening point. To this end, it is worthwhile to examine the changes observed in
viscosity of the binders.

Table 5.2 shows the percentage decrease in penetration values with age (time)
as compared with the tank binders. Figures 5.3 and 5.4 show the changes in penetration values

with age. Tables B2 and B3 in Appendix B shows the data points used to generate these graphs.
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The decrease in penetration is expected due to binder stiffening observed as a result of aging
when exposed to environmental, in-service conditions. A higher degree of stiffening indicates
higher temperature susceptibility. At lower temperature, the modified binder, PG70-28, showed
the largest (82%) relative decrease in penetration with time and PG64-16 showed the lowest
percentage decrease (51%) in penetration. At warmer temperature, AC-20 showed the highest
(88%) percentage decrease and PG64-28 showed the lowest decrease (49%). The data at the
end of 4 years for binders recovered from S-64-28 may be erroneous due to problems during the
binder recovery process. It is speculated that the solvent was not completely removed from this
binder, which resulted in a very soft binder. This is reflected in the other binder tests conducted
(penetration, viscosity, DSR, BBR and DTT) on these binders. Therefore, the percent decrease
for PG6-28 binder shown in Table 5.2 was calculated at the end of 2 years.

Table 5.2 -- Percent decrease in penetration value of recovered binders with time

Percent Decrease in Penetration

Binder (compared with tank binders)

5°C 25°C
AC-20 75.3 88.1
PG64-28 56.9 48.7
PG58-28 61.3 75.2
PG64-28 w/ RAP) 67.0 78.4
PG70-28 82.2 77.8
PG64-16 51.1 81.9

While binder stiffening at warmer temperature is desirable for improved rut
resistance, binder stiffening at lower temperatures is not desirable for thermal cracking resistance.
Due to the significant stiffening shown by most of the binders with age, they may be expected to
show improved rut resistance. On the other hand, based on the vast database of penetration
data, it was observed by researchers (116 - 118) that severe cracking may be expected in
pavements when the penetration at 25°C falls below 20, and some cracking may be observed
when penetration value is between 20 and 30. Based on these criteria, severe low temperature

cracks may be expected in M-AC-20, R-15%, S-70-28 and S-64-16 and some moderate cracking



Penetration @ 5°C (0.1 mm)

Penetration @ 25°C (0.1 mm)

100

——AC-20 —=—PG64-28 —A— PG58-28
—¢—PG64-28 w/RAP —e—PG70-28 PG64-16
'
4
0 1 1 1 1 1 1 1
0 6 12 18 24 30 36 42 48

Time (months)

Figure 5.3 -- Change in penetration values of recovered binders at 5°C
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Figure 5.4 -- Change in penetration values of recovered binders at 25°C
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may be expected in S-58-28. S-64-28 (control section), which showed a pen-value of 40 at the
end of 4 years, at the end of 4 years, may exhibit minimal cracking. As in the case of specific
gravity, penetration values also stabilized at the end of two years. Maximum relative decrease in
penetration was observed to occur between the data collected from tank binders and the
corresponding binders obtained from first set of cores (15 days), which may be assumed to be
equivalent to RTFO-aged condition.

Single factor ANOVA test was conducted on tank binders to determine whether
their penetration values were significantly different at a = 0.05 level. Results of the ANOVA tests
indicated that the penetration of the binders used were dissimilar, both at 5°C and 25°C. Multiple
comparisons indicated that PG58-28 and PG70-28 were different from the remaining binders,
similar to the specific gravity data. Two-factor ANOVA test was conducted to verify the influence
of binder grade and age on the penetration value. Both factors were found to have significant
influence on penetration. Comparison of means with “age” as the variable showed 3 groupings; (i)
tank, (ii) 15 days and 8 months and (iii) 1, 1.5, 2 and 4 years. This suggests that binder
hardening appeared to occur at three intervals of time. Initial hardening was observed between
tank and recovered binders. Then, no further hardening was observed in binders recovered from

15-day and 8-month cores. After 8 months, the binders were observed to further harden with age.

5.4 Viscosity

Two types of viscosities were determined for all the recovered binders; absolute
viscosity at 60°C and rotational viscosity at 135°C. These tests were conducted in accordance
with AASHTO T202 (119) and AASHTO TP48 (120), respectively. Traditionally, absolute
viscosity was used to determine the viscosity grade of the binder. With the nearly nationwide
implementation of SUPERPAVE system, absolute viscosity and kinematic viscosity tests are not
routinely conducted. Instead, rotational viscosity of tank binders is typically performed on tank
binders to determine the mixing and compaction temperatures of HMA and to verify that the

binder satisfies the SUPERPAVE requirement of < 3.0 Pa-s.
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Figures 5.5 and 5.6 show, respectively, the trends observed in absolute and
rotational viscosity of the recovered binders with time. The data points used to generate these
plots may be obtained from Tables B4 and B5 of Appendix B, respectively. All binders showed
an increase in both the viscosities with time. The modified binder, PG70-28, showed the highest
increase among all the binders used in this study and PG58-28 showed the least increase due to
aging. As reported earlier, errors in binder recovery process for S-64-28 at the end of 4 years
resulted in a soft binder and hence, a decrease with respect to the original binder.

It is noteworthy that parallel trends were observed in the absolute and rotational
viscosity data from PG64-28 and PG58-28 binders; and similar trends were observed between
AC-20 and PG64-16 as well. The behavior of binder extracted from the RAP section fell between
the two. These overall trends were also noticed in the binder penetration data discussed in the
previous section. Based on these trends it may be expected that S-64-28 and S-58-28 and
M-AC-20 and S-64-16 show similar behavior in terms of pavement performance. Additionally,
since binders with higher viscosity are expected to perform better in terms of rutting performance,
it is expected that S-64-28, S-58-28 and S-70-28 would exhibit lower rut depths than M-AC-20
and S-64-16.

Single-factor ANOVA tests on viscosity data from the tank binders used in this
study indicated that they were not similar. Comparison of means of tank binders indicated that
the rotational viscosity and absolute viscosity of PG70-28 and PG58-28 were different from those
of the remaining binders. Two-factor ANOVA indicated, as expected, that both binder grade and
age influence the viscosity of the binder. Multiple comparison of means indicated overlapping of
age groupings, implying gradual changes in viscosity. The viscosity of PG70-28 was observed to
be statistically different from that of the remaining binders. These conclusions apply to both,

rotational and absolute viscosities.
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Figure 5.6 -- Trends in rotational viscosity of recovered binders with time
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5.5 Complex Modulus and Phase Angle

Complex modulus (|G*|) and phase angle (6) of the recovered binders were
determined at high and intermediate temperatures using the Dynamic Shear Rheometer (DSR),
in accordance with AASHTO TPS (86). The change in the maximum passing temperature and
hence the passing grade of the binder was determined for all the recovered binders. When
tested at high temperatures (> 52°C), the AASHTO TP5 specification limit of 2.2 kPa for RTFO-
aged binders was used as the criterion in determining the maximum passing temperature for all
binders, for comparison purposes. It may be noted, however, that only the binders recovered
from the first set of field cores (approximately 15 days after construction) may be considered
equivalent to RTFO-aged material. Results from tests conducted on RTFO-aged tank binders
were compared with results from this set of binders to verify/validate the SUPERPAVE binder
aging process.

Table 5.3 shows the maximum passing temperature (Tpsr) of the RTFO-aged
tank binders and the recovered binders from the 15 days old pavement. The largest difference in
Tosr Was 4°C and was observed in AC-20 and PG64-28 w/ RAP; which was less than one
temperature grade. Since the R-15% and S-64-28 had the same binder grade, the Tpsg for
RTFO-aged binder of these two sections was the same. Upon binder extraction and recovery
from this section, some of the RAP binder may be expected to blend with the virgin binder used in
this section. Overall, it may be said that RTFO-aging process adequately simulates the aging
process that occurs during the initial mixing and compaction processes.

Table 5.3 — Tpsg of RFTO-aged and the first set of recovered binders

Binder (Section) Tose (°C)
RFTO-aged 15 days old

AC-20 (M-AC-20) 66.0 69.6
PG64-28 (S-64-28) 64.7 63.0
PG58-28 (S-58-28) 58.9 62.5
PG64-28 w/ RAP (R-15%) 64.7 68.6
PG70-28 (S-70-28) 72.8

PG64-16 (S-64-16) 69.3
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Figure 5.7 shows the change in maximum passing temperature, Tpgr, With time.
As expected, some binder stiffening has occurred with time as evidenced by the increase in the
maximum passing temperature. ANOVA tests indicated that Tpsgr of the recovered binders was

not constant with time.
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Figure 5.7 -- Change in maximum Tpsg of the recovered binders with time

5.6 Creep Stiffness and Slope

The low temperature behavior of asphalt is characterized by creep stiffness (S)
and slope of the deflection versus time plot (m-value). These tests were conducted on the
recovered binders and the RTFO-PAV aged (tank) binders using the Bending Beam Rheometer
(BBR) in accordance with AASHTO TP1 (36). Asphalts are known to exhibit elastic behavior at
lower temperatures above the glass transition temperature (Tg), which varies with the binder. A
typical value of Ty is around -24°C. At temperatures below Tg, asphalts exhibit brittle behavior.

Brittle behavior is also observed in binders with high stiffness values that accompany cold
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temperatures encountered in pavements during winter months. To limit the excess binder
stiffness and brittle behavior, AASHTO PP6 specifies a maximum limit of S <300 MPa and
minimum slope = 0.300. A high slope values ensures better stress relaxation ability of the binder.
These two limits were used to determine the minimum passing temperatures (Tggr) Of the
recovered and the RTFO-PAV aged binders. The higher (warmer) of the two estimates was used
in making comparisons. It was observed that the limiting stiffness value was the controlling factor
in all binders, except PG70-28 where limiting m-value was the controlling factor.

Figure 5.8 shows the increase in the Tggr Of the recovered binders during the
study period. The increase in the passing temperature of AC-20, PG64-28, PG58-28 and
PG64-28 with RAP does not appear to be substantial and was gradual during the study period.
PG70-28 and PG64-16, however, showed significant stiffening with time as evidenced by the
increase in the passing values. While the stiffening observed in PG64-16 was occurred during
the early age of the pavement, the stiffening in PG70-28 occurred at the end of 4 years. A similar

trend was also reflected in rotational viscosity and DSR data.

—6—AC-20 —=—PG64-28 —A— PG58-28
—>¢—PG64-28 w/ RAP —e—PG70-28 PG64-16

Tesr (°C)

Age (months)

Figure 5.8 -- Change in minimum Tggr of the recovered binders with time
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The Tggr of PG70-28 and PG64-16 were -20.5°C and -19.9°C at the end of 4
years, respectively. These values are almost equal to the TminEvmy Observed at the site (-19.5°C).
Therefore, based on BBR testing it may be expected that S-70-28 and S-64-16 would exhibit
thermal cracking. The minimum passing temperatures for the binders recovered from S-64-28,
S-58-28 and R-15% are well below the Tminpvmy, hence no cracking should be expected in these
sections. The warmest Tggr Observed in M-AC-20 recovered binders was close t0 Tminpvmy),
hence, the extent of thermal cracking in this section, if present, should be less than that observed
in S-70-28 and S-64-16.

The Tggr of the RTFO-PAV aged binders was controlled by the limiting m-value.
It was found that the Tggr of these RTFO-PAV aged binders was higher than or similar to the Tggr
of the corresponding recovered binders at the end of 4 years of all binders, except the modified
binder. This indicates that RTFO-PAV aging simulates field aging that occurs in 4 years or less,

for the unmodified binders used in this study.

5.7 Failure Stress and Strain

The Direct Tension (DT) test was used to determine the ductility of the binders in
terms of failure stress and failure strain at low temperatures, in accordance with AASHTO TP3
(37). A minimum failure strain of 1% is recommended by this specification to ensure that the
binder has sufficient flexibility to withstand the thermal stresses that are generated in the
pavement at low temperatures. Data from this test were used to determine the minimum passing
temperature using the 1% strain limit. A loss in ductility is indicated by a warming trend in the
minimum passing temperature with age.

Figure 5.9 shows the change in minimum passing temperature (Tpr) with age of
the binder obtained from DT testing. Overall, no significant warming was observed in the
recovered binders with age of the pavement. The largest increase was about 3°C and was

observed in the case of AC-20, PG70-28 and PG64-16. It can be seen from this figure that
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M-AC-20 and S-64-16 are prone to thermal cracking, since the Tpr of these binders at the end of

4 years is close to the Tminpvmy €ncountered at the test site.
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Figure 5.9 -- Change in minimum Tpr (min. & = 1%) with time

Thermal Stress Analysis Routine (TSAR®) (23) was used to determine the critical
cracking temperatures of the binders using DT and BBR data in accordance with AASHTO PP42
(38) and MP1a (121) protocols. Although these protocols are not used in the state of Indiana, it is
of interest to study the critical temperature estimates (Tpp42) Obtained from this analysis and how
they compare with Tggr estimates. Tppyo is determined by the intersection of thermal stress curve,
generated by the TSAR software using BBR data, and the fracture (tensile) strength curve,
obtained from DT testing at the corresponding test temperatures. Tpps, is the minimum
temperature that a pavement can withstand without developing cracks. When the thermal
stresses developed in the pavement exceed the tensile strength of the binder, cracking is
assumed to occur. A typical TSAR® generated plot is shown in Figure 5.10. Figure 5.11 shows

the change in Tpps, plotted versus time or age of the pavement (binder).
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As seen from Figure 5.11, PG64-16 showed the largest warming in critical
temperature with time. M-AC-20 and S-64-16 may be expected to show poor resistance to
thermal cracking due to their high critical temperatures at the end of 4 years. The critical
temperature of the modified binder (S-70-28) and the RAP binder (R-15%) at the end of 4 years
was close to the recommended limit of -28°C. Since the binders recovered from the RAP section
also marginally satisfied the ductility limit at -28°C (see Figure 5.9), some degree of cracking may
be observed in this test section. S-58-28, which showed good performance in both the ductility
requirement and TSAR analysis, is expected to show good thermal cracking resistance.

Finally a comparison of BBR and DT results was done by plotting the Tggr versus
Tepaz, and is shown in Figure 5.12. As indicated by the high R? (89.9%) shown on the graph,
there is a high degree of correlation between the two test results. The observed difference
between Tpps, and Teer Was between £3°C in all sections, with two exceptions. These exceptions
were observed in PG70-28 (modified binder) and PG64-16. In the case of the modified binder
from S-70-28 recovered at the end of 4 years, BBR tests results gave a minimum passing
temperature (m-controlled) of -20.5°C. Whereas, critical temperature estimate obtained using the
AASHTO MP1a (TSAR estimates) was around -29°C. Therefore, while BBR tests results predict
cracking in S-70-28 (modified binder); MP1a does not predict cracking in S-70-28. This outlier (=
9°C difference) was dropped in calculating the R* value. In the case of S-64-16, the difference
was around 4.5°C, which was observed in results from the first set of binders (15 days). Deleting

this outlier increased the R? value to 92.5%.
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Figure 5.12 -- Comparison of Tggr versus Tpps2

5.8 Summary of Binder Tests Results

This section summarizes the conclusions drawn from the binder test data. All
binders showed an increase in specific gravity and hence, the density of the binders. The highest
increase was seen in the case of the modified binder. Increased density may be indicative of an
increase in binder stiffness which in turn adds to the rut resistance of the corresponding HMA.
The increase in G, stabilized at the end of 2 years for the conventional binders, but continued
until the end of 4 years for the modified binder. A decrease in observed penetration values also
stabilized at the end of 2 years. A major part of the observed decrease in penetration occurred
between the tank binders and binders recovered from the field cores at the end of 15 days.
Although stiffer binders offer good rut resistance at higher temperatures, excessive stiffening at
low temperatures offers poor resistance to thermal cracking. It was observed by other

researchers that when the penetration at 25°C falls below 20, severe cracking may be expected
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in the pavement. Penetration values between 20 and 30 indicate moderate cracking and pen
value above 30 indicates good thermal crack resistance. Based on these criteria, severe
cracking is predicted in M-AC-20, R-15%, S-70-28 and S-64-16, while moderated cracking may
be expected in S-58-28. S-64-28 which had a pen value of 40, may be expected to show minimal
to no low-temperature cracking.

Binders with higher viscosity offer better resistance to rutting at high
temperatures. Accordingly, S-64-28 (control section) and S-58-28 are likely to exhibit a higher
degree of rutting compared with the other sections. The binder used in S-70-28, PG70-28, had
the highest viscosity (absolute and rotational) and is likely to offer better resistance to rutting
compared with the other test sections.

Based on SHRPBIND software, the recommended binder for this study site was
PG64-28. Based on the performance grades of the binders used in this study, PG58-28 is
expected to show a higher degree of rutting in comparison with the other binders. Similarly,
PG70-28 is expected to provide superior performance in terms of rut resistance. S-64-16 and
M-AC-20 (= PG64-22) are expected to show poor low-temperature crack resistance, due to the
warmer low-temperature grade compared with the PGxx-28 binders used in this study.

Due to binder stiffening with age, the DSR parameter |G*|/sind indicated an
increase in the maximum passing temperature with age (time) of the pavement (binder). Binder
recovered from S-58-28 did not meet the specification at 64°C and may exhibit rutting at
pavement temperatures equal to or higher than 64°C for prolonged periods of time. Rutting
phenomenon in HMA pavements occurs early during the life of the pavement. The high Tpsr
values of binders recovered from M-AC-20, R-15%, S-70-28 and S-64-16 at the early ages
indicate that these sections will show higher rut resistance.

If the minimum pavement temperature falls below -20°C, approximately, BBR test
data indicate that severe cracking will occur on S-70-28 and S-64-16, and to some extent in
M-AC-20. S-64-28 and R-15% are expected to show better resistance to thermal cracking than

M-AC-20, S-70-28 and S-64-16, while no cracking is expected in S-58-28.
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On the other hand, the minimum passing temperature estimates obtained using
the maximum strain limit in DT tests indicate that only M-AC-20 and S-64-16 will exhibit thermal
cracking. The modifier used in PG70-28 improved the ductility of the binder at low temperatures,
allowing sufficient binder flexibility at lower temperatures; and this was reflected in this binder’s
good performance in Direct Tension tests. Little to no cracking is indicated in S-64-28, S-58-28
and S-70-28 by DT test data. The performance of R-15% is expected to be in between that of
M-AC-20 and S-64-16 and that of S-64-28, S-58-28 and S-70-28. Critical temperature estimates
using AASHTO PP42 (TSAR®) also predicted severe cracking in M-AC-20 and S-64-16 and no
cracking is predicted in S-58-28. Little to moderate cracking may be expected in S-64-28, R-15%
and S-70-28. The main difference between BBR and AASHTO PP42 predictions occur in the
case of S-70-28. While the BBR predicts severe cracking in S-70-28, PP42 predicts little to
moderate cracking in this section.

An overview of the distress predicted by the binder tests conducted in this
chapter is presented in Table 5.4. Since BBR and DT are low temperature tests, rutting
predictions cannot be made from these tests. Similarly, since DSR cannot make thermal cracking
(low temperature) predictions since it is a high temperature test. Thermal cracking is predicted in
M-AC-20 and S-64-16 by all the low temperature tests. Penetration and BBR tests predicted
cracking in S-70-28, while only penetration test predicts cracking in R-15%. Rutting is predicted
on in S-58-28, based on pavement temperature data. The other binder tests do not predict
cracking in any of the remaining sections.

Table 5.4 -- Distress predictions from binder tests and pavement temperature

. Binder Tests Pavement

Distress
Penetration DSR BBR DT Temp. data
Rutting
(high temperature) None None B B S-58-28
M-AC-20
Thermal Cracking 5-70-28 _ Ao 2) | M-AC20 | M-AC-20
(low temperature) S-64-16 S-64-16 S-64-16 S-64-16
R-15% e
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CHAPTER 6 -- EVALUATION OF MIXTURES

This chapter deals with the tests that were conducted on material collected from
the field at the time of construction, i. e., plant mixtures, and the test pavements, i. e., field cores.
Plant mixtures were collected from HMA trucks at the time of pavement construction and placed
in 5-gallon metal buckets, and sent to Purdue University Bituminous Laboratory for further testing
of mixture properties and performance tests. Eight 150-mm (6-in.) field core samples were
obtained from each test section at predetermined ages and were also sent to the Purdue

Laboratory for determination of mixture properties in the field.

6.1 Field Core Samples

Forty-eight core samples (6 sections x 8 cores each) were obtained from the test
site at the end of 15 days, 8 months, 12 months, 18 months, 24 months and 48 months. These
sets of cores will, hereafter, be referred to as A, B, C, D, E and F, respectively. Of the 8 cores
obtained at each age, four were taken from the left wheel path of the driving lane and the other

four were taken from the right wheel path.

6.1.1 Layer Thickness
Core samples obtained from the field consisted of the surface and intermediate
layers. The surface layers of the cores were separated from the intermediate layer by sawing
prior to further testing. Any extraneous material from the underlying RCC base course attached
to the bottom of the intermediate course was also removed. The average thicknesses of the

surface and intermediate layers of each test section were determined at all ages.
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Figures 6.1 and 6.2 show the change in surface and intermediate layer
thicknesses with time, respectively. Tables B6 and B7 in Appendix B show the mean, standard
deviation and coefficient of variation of the layer thickness data obtained for the six test sections
at different ages. ANOVA test was conducted to compare the mean layer thickness of the six test
sections, at each age. These results are presented in Table 6.1. A p-value = 0.05 indicates that
the mean thicknesses of the test sections were not significantly different. To determine whether
the observed change in the mean layer thickness with age of each test was statistically significant,
ANOVA test was conducted on the mean layer thickness data within each test section. These
results are presented in Table 6.2.

The surface layers thickness ranged between 40.6 mm (1.6”) and 48.3 mm (1.9”),
and the observed variation was smaller in comparison with the intermediate layer thickness. In
the case of surface layers, the high p-values (> 0.05) shown in Table 6.1 indicate that the mean
surface layer thickness of the different test sections were similar at all ages. Similarly, it may be
concluded from the high p-values shown in Table 6.2 that the changes observed in the mean
surface layer thickness of each section with time are not statistically significant.

The thickness of the intermediate layers showed higher variability than the
surface layers and ranged from 109.2 mm (4.3") to 124.5 mm (4.9”). Results of ANOVA tests
shown in Table 6.1 indicate that there were significant differences in the mean intermediate layer
thickness between the different test sections in the A, B, E and F cores. Multiple comparisons
tests were conducted, but no distinct groupings were found (overlapping groups). When a
comparison was made between different ages (Table 6.2), no significant differences with time
(age) were observed except in S-70-28. In other words, only S-70-28 appeared to show
significant change (decrease) in thickness with time. No data points were dropped in data

analyses presented in this section.
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Figure 6.1 -- Trends in surface layer thickness with time
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Figure 6.2 -- Trends in intermediate layer thickness with time
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Table 6.1 -- ANOVA results for differences in thickness between the test sections

p-value obtained from ANOVA tests

Core Set (Age) Null Hypothesis: py = po =3 = us = pus = pe
Surface Conclusion Intermediate Conclusion
A (0.5 mo.) 0.343 0.000 .
Reject null
B (8 mo.) 0.131 0.005
C (12 mo.) 0.494 Do not reject 0.699 i
Do not reject null

D (18 mo.) 0.771 null 0.681
E (24 mo. . .

(24 mo.) 0.093 0.005 Reject null
F (48 mo.) 0.300 0.016

Table 6.2 -- ANOVA results for differences in thickness with time (age)

p-value obtained from ANOVA tests

Section ID Null Hypothesis: pa = pg =pic = 1o = Me = Ur
Surface Conclusion Intermediate Conclusion
M-AC-20 0.990 0.816
S-64-28 0.603 0.258 .
Do not reject null
S-58-28 0.166 Do not reject 0.320
R-15% 0.988 null 0.468
S-70-28 0.698 0.013 Reject null
S-64-16 0.987 0.670 Do not reject null
6.1.2 Air Voids

Following the determination of layer thickness, the bulk specific gravity (G,) of
the cores was determined in accordance with AASHTO T166. These data were then used to
determine the percentage of air voids (P,) of the samples. Some decrease in P, is expected with
time due to compaction of the pavement layers after the pavement is opened to traffic. Most of
the decrease in P, due to compaction typically occurs during the early life of the pavement. This
is seen in Figures 6.3 and 6.4, respectively, which show the change in P, of the surface and
intermediate layers with time. Figure 6.5 shows the relative percentage drop in the air voids
between the initial set of cores (A) and the final set of cores (F), for the surface and intermediate
layers. The mean, standard deviation and coefficient of variation of the air voids data collected

during the study period are shown in Tables B8 and B9 in Appendix B.
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Figure 6.5 -- Percentage decrease in air voids at the end of 4 years

The observed change in P, of the intermediate layers was more gradual and
lower than that observed in the surface layers. S-64-16 had the highest P, in both the surface
and the intermediate layers. In the surface layers, S-64-28 had the lowest P, while, S-64-28 and
S-58-28 had the lowest P, in the intermediate layers. The P, of the S-64-28 surface layer
dropped below 3% at the end of one year. This could indicate that S-64-28 may be prone to
rutting. As seen in Figure 6.5, the percentage drop in P, was higher in the surface layer of
S-64-28 (53%) and S-58-28 (39%), compared with the observed drop in the other sections. While
the other sections (M-AC-20, R-15%, S-70-28 and S-64-16) showed comparable percentage drop
in P, in two pavement layers, a significant difference can be seen between the surface and
intermediate layers of S-64-28 and S-58-28. Recall that the binders used in S-64-28 and S-58-28
had the lowest viscosity, which indicates easier compaction ability of these mixtures.

ANOVA tests performed on P, data obtained from each set of cores are shown in
Tables 6.3 and 6.4. The low p-values (< 0.05) shown in Table 6.3 indicate that the differences in
P, between the test sections were significant at all ages, in both the layers. Multiple comparisons
using the surface layers data indicated that M-AC-20, R-15% and S-70-28 had similar mean P,,

while S-64-28, S-58-28 and S-64-16 were all different from the other sections. The same was
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result was observed for the intermediate layer data as well. Table 6.4 shows p-values obtained
when comparisons were made between the different set of cores (i. e., considering the age factor)
within each test section. In the surface layers, the differences in mean P, were also found to be
significant in all the test sections. In the intermediate layer only S-70-28 and S-64-16 showed
significant differences in the P, with time.

Table 6.3 -- ANOVA results for differences in air voids between the test sections

p-value obtained from ANOVA tests
Core Set (Age) Null Hypothesis: py = po =3 = s = pus = pg
Surface Conclusion Intermediate Conclusion
A (0.5 mo.) 2.18x 10" 3.39x 10
B (8 mo.) 1.08 x 107" 2.77 x 107"
C (12 mo. 5.70 x 10%° 5.15x 10
(12 mo.) X 6 Reject null X Reject null
D (18 mo.) 1.46 x 10 0.0001
E (24 mo.) 4.33x10% 1.19x 107
F (48 mo.) 1.98 x 102 446 x10™

Table 6.4 -- ANOVA results for differences in air voids with time (age)

p-value obtained from ANOVA tests
Section ID Null Hypothesis: pa = tug =pic = up = Ug = ur
Surface Conclusion | Intermediate Conclusion

M-AC-20 8.31x10™" 0.124
S-64-28 7.62x 107 0.069 _

=T Do not reject null
S-58-28 4.31x10 ) 0.526

Reject null

R-15% 0.0002 0.711
S-70-28 7.22x 107 0.001 _

5 Reject null
S-64-16 3.97 x10 0.000

6.1.3 Binder Content
After the bulk specific gravity of the core samples was determined, the core
samples were softened in an oven set at 130°C for 45 minutes (60 minutes for intermediate layer
samples). The mixtures were then broken down, cooled to room temperature, and their binder
content (Pp,) was determined in accordance with ASTM D2172 Method A. This test was

conducted to verify the uniformity in the asphalt content of the HMA used in construction of the
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test sections. Excessive binder content could lead to premature rutting and bleeding in AC
pavements. Some decrease in binder content may be expected with time in the surface layer due
to wearing action (abrasion) by the wheels of passing traffic and stripping.

Figures 6.6 and 6.7 show the change in binder content of the surface and
intermediate layers with time, respectively. Tables B10 and B11 in Appendix B show the average,
standard deviation and coefficient of variation of the binder content data for the six test sections.
The asphalt content of SUPERPAVE mixtures was higher than that of the Marshall mixture in
both the layers. In the surface layers, the Py, ranged between 6.2% - 6.8% for the SUPERPAVE
mixtures and around 5.5% - 6.1% for the Marshall mixture. The design effective P, specified in
the JMF for the SUPERPAVE, RAP and Marshall mixtures are 6.5, 6.4 and 6.2, respectively. In
the intermediate layers, the P, ranged between 4.5% and 5.4% for the SUPERPAVE mixtures
and between 4.3% - 4.5% for the Marshall mixture. The design effective P, specified in the JMF
was 5.0, 4.7 and 4.3 for the SUPERPAVE, RAP and Marshall mixtures, respectively.

Statistical analysis was conducted to look for differences in the mean P, between
the test sections and whether the changes observed in P, of each section with age were
statistically significant at a = 0.05 level. These results are presented on Tables 6.5 and 6.6,
respectively. Although the variations in binder content between the test sections appear to be
minor as seen in the figures, these differences are statistically significant in both the layers at all
ages. Multiple comparison of means tests were then conducted to determine which test sections
were different from the others. As expected, the mean binder content of the Marshall mixture (M-
AC-20) was grouped separately for the remaining five sections, in the surface layers. In the
intermediate layer, the grouping was as follows: (M-AC-20), (S-64-28 and S-58-28), (S-70-28 and

S-64-16) and (R-15%).
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Table 6.5 -- ANOVA results for differences in binder content between the test sections

p-value obtained from ANOVA tests
Core Set (Age) Null Hypothesis: py = po =3 = us = pus = pe

Surface Conclusion Intermediate Conclusion
A (0.5 mo.) 5.42x107° 1.08 x 10°®
B (8 mo.) 3.60x 107 1.62x 107
C (12mo.) 1.32 x 10_1: Reject null 3.69 x 10_180 Reject null
D (18 mo.) 1.11 x 10 3.12x 10
E (24 mo.) 407 x10™ 447 x 107
F (48 mo.) 291x10™ 1.93x 107

Table 6.6 -- ANOVA results for differences in binder content with time (age)

p-value obtained from ANOVA tests
Section ID Null Hypothesis: pa = pg =pic = 1o = Me = Ur

Surface Conclusion Intermediate Conclusion
M-AC-20 1.77 x 10°® 0.277 Do not reject null
S-64-28 0.019 0.011
S-58-28 3.61x10° Reject null 0.001
R-15% 9.39x 10° 0.034 Reject null
S-70-28 0.000 0.002
S-64-16 0.209 Do not reject null 0.001

6.1.4 Summary of Field Cores Data

To verify uniformity in construction of the test sections and to assess the change
in mixture properties with time, tests were conducted on field core samples collected from the test
sections at pre-determined time intervals. The properties determined were layer thickness,
binder content and percentage of air voids.

A decrease in the layer thickness indicated some degree of densification in the
pavement layers with time, as expected. In general, no significant differences were observed in
the mean thickness of surface and intermediate layers between the different test sections, thus
indicating uniformity of the pavement mat throughout the whole length of the test site at all ages.

Analysis of P, data indicated that there were statistically significant variations in

the percent air voids between the test sections, in both the surface and the intermediate layers.
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Further analyses using multiple comparisons procedure indicated that the P, of M-AC-20, R-15%
and S-70-28 were similar, while the P, of S-64-28, S-70-28 and S-64-16 were different from all
other sections, in both the surface and intermediate layers. S-64-28 and S-58-28 had lower air
voids compared with the other sections while S-64-16 had the highest air voids. The P, of
S-64-28 fell below 3%, indicating that this section may be prone to rutting.

Analysis of P, data also indicated variations in P, between test sections. This
was expected, since the Marshall mixture and the RAP mixture had different effective P, (JMF)
compared with the SUPERPAVE sections. A slight decrease in P, was observed with time in the

surface sections. None of the sections exhibited excessive asphalt content or bleeding

6.2 Laboratory Compacted Specimens

Plant mixtures samples were collected in 5-gallon buckets at the time of
pavement construction and stored at room temperature at Purdue University, until further testing.
The mixtures were softened in an oven set at 135°C (275°C) for 2 hours and split for further
testing in the laboratory as needed. Superpave gyratory samples (150 mm diameter) were
compacted and cut to produce 50-mm samples for conducting SUPERPAVE performance tests,
such as Creep Compliance, Indirect Tensile Strength, Frequency Sweep at Constant Height
(FSCH) and Simple Shear at Constant Height (SSCH). In addition, the optional SUPERPAVE

test, Repeated Shear at Constant Height (RSCH) was also conducted.

6.2.1 Creep Compliance and Indirect Tensile Strength

6.2.1.1 Creep Compliance

Creep compliance and strength tests were conducted on surface and
intermediate layer samples in accordance with AASHTO TP9, using the Instron® Testing Machine.
Three replicates were tested for each section and layer. Prior to testing these samples were

subjected to long-term aging (120 hours) in an oven set at 85 + 3°C in accordance with AASHTO



125

PP2. The test samples were compacted to 3 + 0.5% and 7 £ 0.5% air voids (P,), to study the
influence on air voids on compliance, strength and mixture critical temperature estimates.

Creep compliance testing was conducted for a period of 100 s at -20°C, -10°C
and 0°C, during which the samples were subjected to vertical compressive load at the rate of 12.5
mm/min until the horizontal strain reached 50 um. When the horizontal strain reached 50 ym, the
vertical load was held constant until the completion of the test period. Load and displacement are
recorded throughout the duration of the test. The load and displacement readings are converted
into stress and strain and used to calculate creep compliance. Creep compliance (Dy) is defined
as the ratio of time dependent strain (&) to constant applied stress (0,) in a uniaxial loading
condition. The creep compliance data obtained from the three test temperatures are used to
produce a master creep compliance curve as a function of time. Thermal stresses developed in
the pavement at low temperatures can be predicted using relaxation modulus (E;), which can be
obtained from creep compliance by applying Laplace transformation. The intersection of the
thermal stress curve and the tensile strength (or fracture strength) curve gives the critical
pavement temperature (T\pr) of the mixtures. It is assumed that cracking of pavements occurs
when the minimum pavement temperature exceeds the estimated critical temperature. A higher
compliance (or lower stiffness) indicates that the mixture has better ability to relax the thermal
stresses in the pavement as the temperature drops, and vice versa. Denser mixtures are
generally less compliant (or stiffer) in comparison with open-graded mixtures.

Comparison between creep stiffness of the mixtures (also called stiffness
modulus) is typically made at 60 s. These data for the surface and intermediate mixtures are
presented in Tables 6.7 and 6.8, respectively. The relative ranking (1 = highest stiffness, 6 =

lowest stiffness) of mixtures is also shown in these tables.
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. 7% air voids 3% air voids
Section ID
Stiffness, GPa (psi) | Rank | Stiffness, GPa (psi) | Rank
M-AC-20 13.0 (1.89 x 10°) 4 28.2 (4.08 x 10°) 1
S-64-28 17.7 (2.56 x 10°) 1 16.9 (2.45 x 10°%) 4
S-58-28 8.7 (1.27 x 10° 6 9.7 (1.40 x 10° 6
R-15% 16.4 (2.38 x 10°) 3 17.4 (2.52 x 10°%) 3
S-70-28 12.3 (1.79 x 10°) 5 12.3 (1.78 x 10°) 5
S-64-16 17.4 (2.52 x 10°) 2 26.2 (3.79 x 10°) 2

Table 6.8 -- Creep stiffness at 60 s of the intermediate mixtures with 7% and 3% air voids

. 7% air voids 3% air voids
Section ID
Stiffness, GPa (psi) | Rank | Stiffness, GPa (psi) | Rank
M-AC-20 16.0 (2.32 x 10°%) 3 22.0 (3.19 x 10°) 2
S-64-28 14.8 (2.15 x 10°) 4 14.5 (2.11 x 10°) 4
S-58-28 9.9 (1.44 x 10°% 5 11.2 (1.62 x 10°%) 5
R-15% 17.1 (2.48 x 10°) 1 20.0 (2.90 x 10°) 3
S-70-28 9.7 (1.41 x 10°% 6 11.1 (1.62 x 10°%) 6
S-64-16 16.8 (2.43 x 10°) 2 23.8 (3.46 x 10°) 1

In the case of surface mixtures, the creep stiffness of 7% air voids samples was
comparable with the creep stiffness of the 3% air void samples, except in the case of M-AC-20
and S-64-16. The mixture rankings at 7% and 3% air void level were the same, except for
M-AC-20 and S-64-28. Section 3 with the lowest creep stiffness may be expected to perform
better than the other sections, in terms of thermal cracking resistance. Similarly, S-70-28 which
ranked fifth is also expected to perform better than the remaining sections. Sections with high
creep stiffness values, such as S-64-28 and S-64-16 at 7% and M-AC-20 and S-64-16 at 3%, are
more prone to thermal cracking. M-AC-20 samples (Marshall mixture) were compacted to 4% air
voids since they could not be compacted to 3% in spite of increasing the number of gyrations to
about 300. This could be due to the high percentage of natural sand (52%) present in this
mixture.

In the intermediate mixtures, the decrease in air voids increased the stiffness of

all the mixtures, except S-64-28. S-58-28 and S-70-28 of the intermediate mixtures also had
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lower stiffness than the other sections at both air voids level and therefore are expected to be
thermal cracking resistant. Of these, S-58-28 had lower stiffness than S-70-28 and may be
expected to show the highest resistance to thermal cracking compared to the other sections.
M-AC-20 and S-64-16 at 3% air voids and R-15% and S-64-16 at 7% showed higher stiffness
values, as in the case of surface mixtures, and accordingly are prone to thermal stress build up
and higher cracking potential.

For a mixture to provide good resistance to thermal cracking, a combination of
low stiffness and high strength are desirable. While the low stiffness enables the mixture to relax
stresses easily, the high strength is necessary to withstand the thermal stresses that develop in
the pavement. Therefore, the tensile strength of mixtures was also examined and presented in

the next section

6.2.1.2 Indirect Tensile Strength

After the creep compliance testing was completed, the same specimens were
used to test the indirect tensile strengths of the mixtures at -10°C. Three replicates per mixture
were tested at 7% and 3% air voids. The relative ranking of the surface and intermediate
mixtures are given in Tables 6.9 and 6.10, respectively, along with the percentage change in
strength between the 7% and 3% air voids samples. Unlike stiffness, noticeable gains in strength
were observed with decrease in P,. The gains ranged between 23 - 40% and 23 - 87% for the
surface and intermediate mixtures, respectively. Figures 6.8 and 6.9 show the mean strengths of
the surface and intermediate mixtures at 7% and 3% air voids, respectively.

Table 6.9 -- Ranking of the surface mixtures based on indirect tensile strength

Section ID Rank Percent gain in strength

7% air voids 3% air voids (compared with 7% P,)
M-AC-20 3 5 26.9
S-64-28 4 3 40.2
S-58-28 5 4 41.0
R-15% 2 2 28.1
S$-70-28 6 6 39.6
S-64-16 1 1 22.9




Table 6.10 -- Ranking of the intermediate mixtures based on indirect tensile strength

Section ID Rank Percent gain in strength
7% air voids 3% air voids (compared with 7% P,)
M-AC-20 4 4 44 1
S-64-28 1 3 31.7
S-58-28 3 5 23.2
R-15% 5 1 86.5
S-70-28 6 6 34.5
S-64-16 2 2 38.0
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Figure 6.8 -- Mean strength of the surface and intermediate mixtures at 7% air voids

R-15%

S-70-28 S-64-16

128



129

O surface intermediate
800 719
] 707
671 701 675 _
] — T — 48 638 631

] 603 609

600 SEE N
§ § 531

| § u23

400 + D

200 +

Indirect Tensile Strength (psi)

0 T T T T T
M-AC-20 S-64-28 S-58-28 R-15% S-70-28 S-64-16

Figure 6.9 -- Mean strength of the surface and intermediate mixtures at 3% air voids

Among the surface mixtures, S-70-28 had the least strength. Although this
mixture had low stiffness values, the low strength of the mixture is detrimental to its low
temperature performance and some cracking may be expected in this section. In the surface
mixtures, S-58-28 at 7% P, had slightly higher strength than S-70-28 but slightly lower stiffness
than S-70-28. Accordingly, this section is expected to show better resistance to thermal cracking
than S-70-28. At 3% P,, M-AC-20 had the highest stiffness and low strength (ranked fifth). But
since the strengths of the mixtures at 3% P, are much higher than 600 psi, in most cases,
minimal amount of cracking is expected in this section. S-64-16 had the highest strength, in
addition to high stiffness (ranked second), which might indicate that some cracking may be
expected in this section as well. R-15% ranked between the extremes in both strength and
stiffness and may be expected to perform well in the field (zero to minimal cracking) in
comparison with the other test sections.

In the intermediate mixtures, R-15% and S-70-28 had lower strengths compared
with the other sections at 7% air voids. But, R-15% had the highest stiffness and S-70-28 had the

lowest stiffness. Since a combination of low stiffness and high strength is considered optimal for
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good thermal cracking resistance, these two sections may be expected to exhibit some cracking.
S-64-28 had the highest strength and average stiffness (ranked 4“‘) and hence may be expected
to perform adequately. At 7% air voids level, the differences between the strengths of the surface
and the intermediate mixtures were much lower than those observed at the 3% air voids level.
Note that since thermal cracking is generally thought to start in the surface layers and propagate
down into the pavement layers (top-down cracking), the mixture properties of the surface layers
may be considered more critical than that of the intermediate layers.

Statistical analyses (ANOVA) were conducted to test various null hypotheses.
Mean strength of mixtures with the same high temperature binder grade (PG64-xx) and JMF were
compared to determine whether a change in high temperature grade influenced the strength of
the mixtures. This would be an indicator of the sensitivity of the indirect tensile strength test to
changes in binder grade. Similarly, mixtures with the same low temperature grade (PGxx-28) and
same JMF were also compared to evaluate the influence of changing the low temperature grade
on strength. To determine whether the addition of RAP influenced the tensile strength of mixtures,
mean strength of R-15% mixtures was compared with S-64-29 mixtures. Finally, the mean
strength of Marshall section was compared with that of the control section (S-64-28) to determine
whether SUPERPAVE mixtures were stronger than a comparable Marshall mixture. The p-values
obtained for these tests are summarized in Tables 6.11 and 6.12 for the surface and intermediate
mixtures, respectively.

Table 6.11 -- Results of ANOVA tests on surface mixtures strength data

Null Hypothesis 7% air voids 3% air voids
p-value conclusion p-value conclusion
tszgézz—jxuts)}‘rS:c-;;rs and same JMF) 0.0534 rteDe(i:tn r?:[JII 0.5019 re?eoc‘? I’?::J”
(B Gr28 binoars o aame JMF) 0.1709 re?eoctn oLl | 00426 | Rejectnul
zjl\“;llgr(':s-ﬁaTl CZ:QJZ control) 0.3705 reljjeoc:tn r?tjll 0.3573 reljjeoc:tn r?LII
5354622-;8“ sg?:us RAP) 0.0907 re?eoctn r?tjll 0.8053 re?e%tn r?tlll
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Table 6.12 -- Results of ANOVA tests on intermediate mixtures strength data

. 7% air voids 3% air voids
Null Hypothesis - -
p-value conclusion p-value conclusion

Ms-70-28 = Ms-64-16 Do not .
(PG64-xx binders and same JMF) 0.8793 reject null 0.0029 Reject null
Ms-64-28 = Ms-58-28 = Ms-70-28 . :
(PGxx-28 binders and same JMF) 0.0020 Reject null 0.0069 Reject null
MM-Ac-20 = Hs-64-28 Do not Do not
(Marshall versus Control) 0.1560 reject null 0.2727 reject null
Ms-64-28 = MR-15% ; ;
(PG64-28 versus RAP) 0.0206 Reject null 0.0014 Reject null

If the p-values obtained from ANOVA tests were greater than 0.05, it indicated
that the null hypotheses tested were not rejected, i.e., were true. In other words, at the 7% P,
level, changing the low temperature grade of the binders (PG64-28 versus PG64-16) or the high
temperature grade (PG58-28, PG64-28, PG70-28) did not change the mean strength of the
mixtures. No differences were found between the strengths of the control mixture and the
strength of the Marshall mixture at 3% and at 7% air voids. Addition of RAP did not significantly
alter the strength of the mixtures at 3% and at 7% air voids. At the 3% air void level, changing
the high temperature grade appeared to be statistically significant, as indicated by p-value < 0.05.

In the intermediate mixtures, changing the high temperature grade appeared to
change the mean strength of the mixtures at both air void levels. Addition of RAP also altered the
strength of the intermediate mixture in comparison with the control section. No difference in
strength was observed between M-AC-20 (Marshall) and S-64-28 (control) intermediate mixtures
at the 7% and 3% air void levels. Change in low temperature binder grade had no influence on

the strength of intermediate mixtures at 7% level, but did influence the strength at 3% air voids.

6.2.1.3 Pavement Critical Temperature Estimates

The creep compliance data and strength data were used to determine the critical
pavement temperature (Tpt) of the mixtures. It is generally assumed that thermal cracking of

pavements occurs when the minimum pavement temperature exceeds the critical temperature.
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As mentioned earlier in Section 6.2.1.1 and in Chapter 2, the estimated pavement temperature is
given by the intersection of the thermal stress curve and the strength of the mixture.

The thermal stresses generated in the pavement were determined using the
thermal stress analysis model developed by Christensen. The algorithm used in this model
involved the following steps. Three compliance curves were obtained at the three test
temperatures and combined to a single master creep compliance curve by shifting two of the
compliance curves horizontally (along the time axis) while keeping the reference temperature
curve fixed. The shift factors were characterized using a power law. The shifted creep
compliance data was then defined using an exponential series function. Although creep
compliance is widely used to characterize creep response, asphalt researchers use the term
“creep stiffness”. Uniaxial creep stiffness or stiffness modulus, S;, is a time dependent property

and is given by the ratio of applied constant uniaxial stress (o) to the resulting time dependent
uniaxial strain (g;). A creep stiffness curve is obtained by taking the inverse of (uniaxial) creep

compliance. The creep stiffness function is then converted into relaxation modulus through the
inverse Laplace transformation. In Christensen’s thermal stress analysis method, an approximate
solution to the Laplace transformation was determined by the “direct method”. Further details of
this procedure may be found in a paper by Christensen (43).

For this study, the assumed (default) model input value for initial temperature
was 10°C (50°F). The cooling rate used in determination of the thermal stresses was 6.5°C/h
(from observed temperature trends at the test site). Actual IDT strength test data were used to
represent the tensile strength of the mixtures. The coefficient of thermal contraction (o) was
calculated using an empirical equation involving the relative volume percentages of aggregate
and binder present in the mixture (as shown below), following procedure recommended by
Christensen (43). In a personal communication, Christensen stated that the estimate of oy«
given by this equation is within 30% of the measured value 95% of the time.

mix

_ (@

Amix =

Ve + gy, \Y)

(VAC +Vagg)
where, anix = coefficient of thermal contraction of the mixture, °C/h

agg )
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axc = coefficient of thermal contraction of the asphalt cement, 115 x 108 °C/h
Oagg = coefficient of thermal contraction of the aggregate, 6.75 x 10 °C/h
Vac = Volume percent of asphalt cement

Vagg = Volume percent of aggregate

The critical temperature estimates (Tpr) for the surface and intermediate
mixtures are shown in Table 6.13. At 7% P, level, the Tipr estimates ranged between -28°C
and -41.4°C for the surface mixtures and between -20.2°C and -39.3°C for the intermediate
mixtures. At 3% P, level, the Tpr range for surface and intermediate mixtures was -14°C
and -37.2°C and -14.2°C and -37.7°C, respectively. Based on the pavement temperature data
obtained from the test site, the lowest minimum pavement temperature observed at the surface
was -19.5°C (-3.0°F). Although all the Tpr estimates for the surface mixtures were colder
than -19.5°C at 7% air voids level, M-AC-20 and S-64-16 had warmer Tpr at the 3% air voids
level. This indicates that thermal cracks are expected in these two sections based on weather
data and mixture test data. The minimum pavement temperature observed at the top of the
intermediate layer in the duration of the study was -13.5°C. All the intermediate mixtures except
S-64-16 had lower Tpt than -13.5°C at both P, levels. While the Tpt of S-64-16 at 7% level was
lower than this limit, the Tipt at 3% level was very close to this value. This may result in some
cracking in the intermediate layer of this section, which in turn would lead to cracking the in upper
(surface) layer as well.

Table 6.13 -- Pavement critical temperature estimates for surface and intermediate mixtures

Pavement Critical Temperature (°C)
Section ID Surface Mixtures Intermediate Mixtures
@3%P, @7%P, @3%P, @7%P,
M-AC-20 -14.0 -35.3 -24.9 -30.3
S-64-28 -29.5 -30.8 -31.0 -32.5
S-58-28 -36.5 -41.4 -37.7 -39.3
R-15% -33.1 -28.0 -23.0 -23.6
S-70-28 -37.2 -33.4 -31.0 -22.2
S-64-16 -15.1 -32.9 -14.2 -20.2
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6.2.2 Frequency Sweep at Constant Height

This performance test is typically performed on laboratory-compacted samples or
cored samples obtained from the pavement at three test temperatures (10°C, 20°C and 40°C) or
at the effective temperature for permanent deformation, Texpp), and at effective temperature for
fatigue cracking, Tesrc), occurring at the pavement location, in accordance with AASHTO TP7.
The purpose of this test is to determine the complex shear modulus of the mixtures when
subjected to shear loads at various frequencies that simulate traffic loads. The results of this test
are indicative of the rut resistance of the HMA used in the pavement. In the frequency sweep at
constant height test, the test sample is held between two platens and subjected to sinusoidal
shear strain cycles of 0.0001 mm/mm amplitude at different frequencies. As the sample tends to
deform under the applied shear strain, the axial load is controlled through a feedback loop to
maintain constant height of the specimen. The shear load required to apply the desired strain
level is recorded, along with the phase lag between applied shear strain and shear load. At the
end of the test cycle, the complex shear modulus, |G*|, and the phase angle, 6, are saved as the
output file.

In this study, frequency sweep testing was conducted using the Interlaken® shear
tester at Terpp) @and Temrcy ON samples compacted to 7 + 0.5%. Five replicates per sample were
tested at each test temperature. The effective temperature for permanent deformation, Tefep),
and effective temperature for fatigue cracking, Tesmrc), Were determined using the following SHRP
equations:

Tefipp) = 30.8 - 0.12 Z + 0.92 MAAT gesign
Tefirc) = 0.8 (MAPT) - 2.7
where, Tenpp) = effective temperature for permanent deformation, °C
Temrc) = effective temperature for fatigue cracking, °C
MAPT = mean annual pavement temperature at one-third depth of pavement layer, °C
MAAT gesign = design mean annual air temperature = MAAT yerage + KaOmpar
MAAT average = @average mean annual air temperature from historical data
Ky = 2.327 for 98% reliability level

omaaT = standard deviation for the distribution of MAAT at the site location
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The Tespp) @and Tesrc) for the Indiana SPS9-A site were 29.5°C (85°F) and 40.5°C
(105°F), respectively. Figures 6.10 through 6.13 show the average log |G*| as a function of log
frequency for the surface and intermediate mixtures at the two test temperatures. The average
|G*| at 10 Hz was used to make relative comparisons of the performance of the mixtures, as this
frequency simulates the commonly occurring traffic speed on an interstate. The higher the |G¥|
value the higher will be the resistance of the mixture to rutting. The slope of the log |G*| versus
log frequency line is also considered to be a strong indicator of the rut resistance of the mixture.
A higher slope indicates higher rut susceptibility of the mixture. Tables 6.14 and 6.15 show the
average |G*| and slope values for the mixtures at the two test temperatures.

As seen from the Figures and the Tables, the surface mixture of R-15% had the
highest rut resistance as indicated by the highest |G*| value, while S-58-28 showed the least
resistance (lowest |G*| value), at both test temperatures. This is to be expected since the binder
used in S-58-28 was PG58-28. Among the intermediate mixtures, S-64-16 had the highest |G|
at both test temperatures, while S-64-28 and S-58-28 had the lowest |G*| at Tefrc) and Tefep),
respectively. Tables B12 through B15 in Appendix B show the |G*| data for all the replicate
samples tested and their average, standard deviation and coefficient of variation.

Asphalt Institute categorizes asphalt mixtures based on the |G*| values at 10 Hz
(122) at 40°C as “good” (35000 - 50000 psi), “moderate” (22000 - 35000 psi) and “poor” (< 22000
psi). Based on these criteria, all the mixtures may be considered “good” and hence may be

expected to show minimal rutting, if any, in the field.
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Table 6.14 -- |G*| and slope values for surface mixtures

Section ID Tettrc) Tetio)

|G*|, GPa (psi) slope |G*|, GPa (psi) slope
M-AC-20 1.85 (268473) 0.44 1.02 (147912) 0.54
S-64-28 2.50 (362253) 0.19 1.90 (275193) 0.30
S-58-28 1.31 (190818) 0.45 0.38 (55037) 0.51
R-15% 3.38 (490120) 0.16 2.20 (319296) 0.31
S-70-28 2.07 (300002) 0.17 1.06 (153244) 0.26
S-64-16 3.06 (460720) 0.27 1.51 (219790) 0.50

Table 6.15 -- |G*| and slope values for intermediate mixtures

Section ID Tettec) Tetteo)

|G*|, GPa (psi) slope |G*|, GPa (psi) slope
M-AC-20 1.38 (200019) 0.48 0.77 (111714) 0.57
S-64-28 1.07 (154724) 0.45 0.50 (72776) 0.53
S-58-28 1.30 (188489) 0.45 0.30 (44153) 0.53
R-15% 2.34 (340121) 0.35 0.87 (125762) 0.48
S-70-28 1.66 (241123) 0.24 0.71 (103166) 0.32
S-64-16 2.85 (412953) 0.29 1.33 (193128) 0.50

In terms of slope value, the surface and intermediate mixtures of S-70-28
showed the least susceptibility (lowest slope value) at both temperatures, although the |G*| value
was not as high as that of the other sections. The low slope value is intuitive and expected since
the binder used in S-70-28 mixtures was PG70-28, a modified binder designed to withstand high
temperature range. In the surface mixtures, M-AC-20, S-58-28 and S-64-16 had higher (and
similar) slopes compared with the other test sections at Tenpp) and may be expected to show
higher permanent deformation in comparison with the other sections. S-64-28 and R-15% had
similar slope values that were slightly higher than that of S-70-28 and accordingly may show
better performance than M-AC-20, S-58-28 and S-64-16, but worse than S-70-28, in terms of
rutting.

ANOVA tests (a = 0.05) were conducted to look for differences in the mean |G¥|
of mixtures with the same JMF and (a) the same high temperature grade, and (b) the same low

temperature grade. The influence of RAP on the complex shear modulus was assessed by
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comparing the |G*| of the RAP mixture with that of the control section (S-64-28). Finally, the |G*|
of the control section was compared with that of M-AC-20. The p-values shown in Table 6.16

indicate that there are significant differences in the mean complex modulus for all the hypotheses

tested in all the mixtures.

Table 6.16 -- ANOVA results on complex shear modulus data from surface mixtures

Null Hypothesis At 29.5°C At 40.5°C
p-value | conclusion | p-value | conclusion
a0 biovtors and same JMF) | 0-0227 | Rejectnull | 0.0045 | Reject nul
{‘;g;;;s“g;;ﬁ;;; Vonozs IME) | 847 107 | Rejectnull | 1.12x10° | Reject null
(”,\'ﬂgfsﬁ’ai | seaz Control) 0.0087 | Rejectnull | 2.55x 10° | Reject null
t‘sggz;g‘ versus RAP) 0.0006 | Rejectnull | 0.0229 | Rejectnull

Table 6.17 -- ANOVA results on complex shear modulus data from intermediate mixtures

. At 29.5°C At 40.5°C
Null Hypothesis - -
p-value conclusion p-value conclusion
Ms-64-28 = Ms-64-16 -8 : 7 .
(PG64-xx binders and same JMF) 1.31x10 Reject null | 1.08 x 10 Reject null
Ms.-64-28 = Ms-58-28 = Ms-70-28 7 : 7 .
(PGxx-28 binders and same JMF) 1.76 x 10 Reject null | 2.82x 10 Reject null
Mm-ac-20 = Ms-64-28 ; .
(Marshall versus Control) 0.0013 Reject null 0.0008 Reject null
Ms.64-28 = MR-15% 7 . 5 .
(PG64-28 versus RAP) 4.02x10 Reject null | 9.93x 10 Reject null

6.2.3 Simple Shear at Constant Height
The simple shear at constant height test is a static shear test that is conducted
on 150-mm diameter HMA samples (laboratory compacted or field core samples) at the same test
temperatures as frequency sweep tests. The results from this test are used to determine the
resilience of HMA , in terms of percent recovered strain with respect to the maximum strain.
In this test, a static shear stress is applied at a rate of 70 kPa/s until a maximum
shear stress is reached and then held constant for 10 s. The maximum shear stress applied

varies with test temperature: 345 kPa, 105 kPa and 35 kPa at 4°C, 20°C and 40°C, respectively.
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At other test temperatures, the maximum shear stress is linearly interpolated. After 10 s, the
shear stress is decreased at a rate of 25 kPa/s and held at 0 kPa for a further 10 s. The applied
axial stress is varied during the test to maintain constant specimen height. The shear
deformation (8) experienced by the sample is recorded throughout the duration of the test.

In this study, simple shear testing was conducted after the completion of FSCH
testing on the same samples. Five replicates per mixture were tested at two temperatures
(29.5°C and 40.5°C). Figures 6.14 through 6.17 show the plots of shear deformation versus time
for the different surface and intermediate samples tested at two test temperatures. The raw data
used to obtain the average values shown in these graphs are presented in Tables B16 through
B19 of Appendix B. In the surface mixtures, S-58-28 showed the highest maximum shear
deformation (dmax) at both test temperatures, followed by M-AC-20. All the remaining sections
showed significantly lower &,.x in comparison. Although S-64-16 showed minimal shear
deformation at Temec) along with S-64-28, R-15% and S-70-28, it showed higher deformations at
the higher temperature Texpp), in comparison with S-64-28, R-15% and S-70-28.

In the intermediate mixtures, M-AC-20, S-64-28 and S-58-28 showed
comparable &, at 29.5°C. However, at 40.5°C the &,,.x experienced by S-58-28 samples was
significantly higher than that M-AC-20 and S-64-28. The 0, Of the intermediate mixtures was
higher than that of the surface mixtures.

Tables 6.18 and 6.19 show the maximum shear deformation, ..., rank and the
percent resilience of the mixtures at the two test temperatures. The overall ranking of the six
mixtures in terms of &« remained the same at the two temperatures in both the mixture types
(surface and intermediate). The surface mixtures of M-AC-20 and S-64-16 showed poor
resilience at both test temperatures, in comparison with the other sections. A high degree of
resilience indicates that a given mixture is less prone to rutting due to the ability of the mixture to
recover most of the strain caused by passing vehicular traffic. Contrary to expectations, S-58-28
showed lower resilience at lower temperature than at higher temperature. S-70-28 showed the

highest percent resilience at the two test temperatures, in the surface and intermediate mixtures.
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Table 6.18 -- Maximum shear deformation, rank and percent resilience of surface mixtures

. . At 29.5°C At 40.5°C
Section (Binder) — —
Omax (rank) | Resilience (%) | Omax (rank) | Resilience (%)
M-AC-20 0.00170 (2) 42.7 0.00248 (2) 57.1
S-64-28 0.00024 (5) 77.2 0.00031 (5) 80.9
S-58-28 0.00263 (1) 45.8 0.00528 (1) 77.4
R-15% 0.00013 (6) 83.8 0.00028 (6) 75.0
S-70-28 0.00026 (4) 83.6 0.00049 (4) 83.5
S-64-16 0.00034 (3) 56.7 0.00128 (3) 541

Table 6.19 -- Maximum shear deformation, rank and percent resilience of intermediate mixtures

Section ID At 29.5°C At 40.5°C
Omax (rank) | Resilience (%) | Omax (rank) | Resilience (%)
M-AC-20 0.00361 (1) 34.2 0.00419 (3) 59.0
S$-64-28 0.00321 (2) 42.8 0.00476 (2) 61.9
S-58-28 0.00273 (3) 44.4 0.00734 (1) 61.0
R-15% 0.00072 (4) 59.8 0.00212 (4) 60.3
S-70-28 0.00056 (5) 77.5 0.00107 (6) 79.2
S-64-16 0.00040 (6) 56.8 0.00141 (5) 53.1

In general, the intermediate mixtures showed poorer resilience in comparison
with the surface mixtures. This could be due to the higher binder content present in the surface
mixtures. The influence of the modified binder in S-70-28 was more evident in the intermediate
mixtures than in the surface mixtures, as indicated by the higher percent resilience in comparison
with the other intermediate mixtures.

M-AC-20 samples, which showed low resilience in the

surface mixtures, also showed poor resilience in the intermediate mixture samples as well.

6.2.4 Repeated Shear at Constant Height
This optional SUPERPAVE test (AASHTO TP7) was conducted to identify
mixtures that are likely to exhibit tertiary flow (plastic flow) due to mixture instability. In the
repeated shear at constant height test, the HMA sample is held between two platens and

subjected to repeated shear stress of 69 + 5 kPa for a period of 0.1 s followed by a rest period of

0.6 s to allow the sample to recover between the applied load pulses. Constant specimen height



144

is maintained (within £ 0.013 mm) by adjusting the vertical load through a feedback loop. The
test is run until 5000 cycles are completed or 5% permanent strain is reached, whichever occurs
earlier. The permanent strain as a function of load cycles is recorded throughout the test duration.

The test was conducted on plant mix samples compacted to 3 £ 0.5% air voids.
Five replicates per each mixture were tested and averaged (presented in Tables B20 and B21 of
Appendix B). This test is typically conducted at the 7-day maximum pavement temperature in the
pavement layer of interest. The test temperature for the surface and intermediate layer mixtures
was 58°C and 54°C, respectively. Figures 6.18 and 6.19 show the log of cumulative plastic (or

permanent) strain (g,) to log of load cycles (N) for the surface and intermediate mixtures tested,

respectively.

In the surface and intermediate mixtures, S-58-28 showed the highest amount of
strain, while S-70-28 showed the least. This result is expected since the binder used in S-58-28
was a soft binder (PG58-28) and the binder used in S-70-28 was a modified binder (PG70-28).
However, none of the samples tested reached the 5% strain limit before the end of 5000 cycles.

Overall, this indicates that the mixtures may be expected to perform relatively well in terms of rut

resistance. Table 6.20 shows the slope values for the log ¢, versus log N plots shown in Figures

6.18 and 6.19 and the maximum ¢, attained by the mixtures. As mentioned earlier, the surface

course mixtures of M-AC-20 could not be compacted to 3% air voids. The samples were
compacted to 4%, but the test could not be conducted on these samples due to problems with the
Shear Tester. Data from the initial part of S-64-28 surface mixtures were not shown due to errors

in data collection.
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Table 6.20 -- Maximum cumulative strain and slope values from RSCH testing

. Surface Intermediate
Section ID
Max. g, (rank) Slope Max. g, (rank) Slope
M-AC-20 0.0100 (3) 0.28
S-64-28 0.0114 (2) 0.19 0.0119 (2) 0.24
S-58-28 0.0169 (1) 0.21 0.0152 (1) 0.24
R-15% 0.0113 (3) 0.27 0.0079 (5) 0.28
S-70-28 0.0041 (5) 0.37 0.0049 (6) 0.29
S-64-16 0.0079 (4) 0.18 0.0095 (4) 0.19

The surface samples from S-64-28 and R-15% showed similar maximum g, but
different slopes and hence may be expected to show similar total rut depth in the field, but the
rate of strain accumulation would be different. R-15% is likely to reach a given rut depth earlier
than S-64-28 due to its higher slope value compared with that of S-64-28. The surface samples
from S-64-16 is expected to show lower rut depth than S-64-28, S-58-28 and R-15%, but higher
than S-70-28.

The rate of strain accumulation in the intermediate mixtures was more or less
similar in all the sections, except S-64-16, which had the lowest rate as indicated by the low slope
value. S-58-28 would be expected to show the highest rutting, followed S-64-28, M-AC-20,
S-64-16, R-15% and S-70-28. S-70-28 had the lowest g, values, but the highest slope values
indicating that this section is likely to reach a given strain level earlier than all the other sections.
The overall ranking of mixtures based on maximum plastic strain appears to be similar in the
surface and intermediate mixtures.

Asphalt Institute uses the maximum permanent strain, ¢, parameter to
categorize the rut resistance of HMA (122). Mixtures with €, > 1% are considered “excellent” and
hence, not prone to rutting. Mixtures with ¢, between 2% and 3% are considered “fair” and are
therefore, likely to exhibit some degree of rutting in the field. Mixtures with g, between 1% and

2% are categorized as “good” and are accordingly, expected to show intermediate performance.

Based on these criteria, S-70-28 and S-64-16 surface mixtures may be expected to show minimal
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to no rutting, while S-64-28, S-58-28 and R-15% may be expected to show nominal amount of

rutting.

6.2.5 Summary of Performance Test Results

Creep compliance and strength testing at low temperatures was conducted on
HMA samples compacted to 3% and 7% air voids (P,). Compliance data was used to determine
mixture stiffness and estimate pavement critical temperature using Christensen’s model.
Stiffness of the surface mixtures was not significantly influenced by change in P, from 7% to 3%,
except in the case of S-58-28 and S-64-16. However, the stiffness of the intermediate mixtures
increased with decrease in P,. S-58-28 and S-70-28 had the lowest stiffness at both P, levels
among the surface and the intermediate mixtures. M-AC-20 and S-64-16 had the highest
stiffness at 3% P,, in the surface and intermediate mixtures. Among the mixtures at 7% P,,
surface mixtures of S-64-28 and S-64-16, and intermediate mixtures of R-15% and S-64-16 had
the highest stiffness. Therefore, based on stiffness values alone S-58-28 and S-70-28 appear to
be thermal cracking resistant, while S-64-16 appears to be the most susceptible to thermal
cracking.

Indirect tensile strength of the mixtures showed a significant increase with the
lowering of P, from 7% to 3%. S-70-28 had the lowest strength at both P, levels. Although low
mixture stiffness is required to resist thermal cracking, the low strength of this mixture used in
S-70-28 tends to lower its cracking resistance. Similarly, although S-64-16 mixtures had high
strength in comparison with the other mixtures, the high stiffness of this mixture will also lead to
thermal cracking in this section. Surface mixture of R-15%, which showed average stiffness and
strength, is expected to show minimal cracking in the field.

ANOVA tests were conducted to verify the influence of high temperature grade
and low temperature grade on the strength of the mixture. Change in low temperature grade
(from PG64-28 to PG64-16) did not influence the strength of the surface mixtures at both P,

levels, but did influence the strength of the intermediate mixtures at 3% P,. Changing the high
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temperature grade influenced the strength of the intermediate mixtures at both P, levels, but did
not influence the strength of the surface mixtures at 7% P,. Tests also indicated that there were
no significant differences in the mean strength of the control mixtures and the Marshall mixtures
at both P, levels tested. Significant differences were found between the intermediate mixtures of
the control section and the RAP section, but not between the surface mixtures.

Critical pavement temperature estimates obtained from mixture testing of
samples compacted to 7% air voids were lower than the minimum pavement temperature
(-19.5°C) experienced at the test site, during the duration of the study. However, the estimates
obtained for the 3% air voids samples from M-AC-20 and S-64-16 were warmer than this
temperature. This indicates that thermal cracking may be expected in these two sections when
the percent air voids drops to approximately 3%.

Frequency sweep testing was conducted at Terc) and Tempep) to determine the
complex shear modulus of the mixtures. Complex shear modulus is used as a measure of
mixture stiffness when subjected to moving loads of different frequencies that simulate different
traffic speeds and axle weights. S-58-28 showed the lowest mixture stiffness at both test
temperatures in the surface and intermediate mixtures, followed by M-AC-20 among the surface
mixtures and S-64-28 among the intermediate mixtures. R-15% was the stiffest surface mixture,
while S-64-16 was the stiffest intermediate mixture. Accordingly, higher degree of rutting is
expected in S-58-28 in comparison with the other sections, while R-15% and S-64-16 are
expected to shown relatively low rut depths. The slope parameter, log |G*| versus log frequency,
which is used an indicator of temperature susceptibility indicated that S-70-28 mixtures were the
least temperature susceptible in comparison with the other sections.

ANOVA tests indicated that there were significant differences in stiffness (a)
between the control mixture and the Marshall mixture, and (b) between the control mixture and
the RAP mixture. Further, change in high temperature grade of the binder appeared to
significantly change the |G*| of the mixtures tested. Similar results were obtained when the low

temperature grade of the binder was changed.
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Simple shear at constant height tests indicate that S-58-28 is most prone to
rutting due to the higher &« value observed in these mixtures in comparison with other sections.
Marshall mixtures also appeared to be prone to rutting, but not to the same extent as S-58-28.
Samples from the remaining sections experienced minimal amount of &..x compared with
M-AC-20 and S-58-20. The highest degree of resilience was observed in S-70-28 with PG70-28.
This could be attributed to the influence of the SBS-modifier used in this binder. In general,
surface mixtures had lower 8.,.x and higher resilience in comparison with intermediate mixtures.
Contrary to expectations, S-58-28 samples showed lower resilience at lower temperature, than at
higher temperature (as would be intuitively expected).

S-58-28 samples also showed the maximum amount of plastic strain (g,) when
subjected to repeated shear at constant height testing. The low values of percent resilience for
S-58-28 samples shown in the SSCH test was indicative of poor strain recovery during the rest
period. S-64-28 samples also showed higher amount of accumulated strain compared with the
other sections, but less than that of S-58-28. This could be attributed to the high degree of
resilience shown in SSCH testing compared with S-58-28. It must be noted that the g,
experienced by all the sections was significantly lower than the 5% strain limit proposed by the
test protocol. The section with the modified binder, S-70-28, had the least amount of ¢, and

highest slope value. This indicates that this test section is likely to undergo the least amount of
rutting in comparison with the other sections. R-15% showed overall good performance in this
test as indicated by the high resilience values and the relatively low maximum shear strains at

both test temperatures.
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CHAPTER 7 -- EFFECT OF BINDER GRADE ON OBSERVED PAVEMENT
DISTRESS

This chapter deals with the correlations between the observed pavement distress
and the different binder grades used in the test sections. As mentioned earlier, the binder grade
recommended for the test site (based on weather data) alone was PG58-28 (98% and 79%
reliability, respectively). To account for the expected increase in the traffic volume during the
service life of the pavement, the high temperature grade was raised one grade to PG64-28. To
compare the performance of mixture constructed with the existing state agency’s design
methodology, one section was built with a Marshall mixture (M-AC-20). In addition, four
supplemental sections were also constructed, one of which incorporated 15% RAP (R-15%) and
the remaining three sections had alternate binder grades. PG64-16 (S-64-16) was used as one
of the alternate binders, to study the influence of lowering the low temperature grade on thermal
cracking performance. PG58-28 was used in one of the test sections (S-58-28), to study the
influence of lowering the high temperature grade on rutting resistance of SUPERPAVE mixtures.
Finally, a SBS-modified binder (PG70-28) was also used as an alternate binder to study the
performance of modifier binder in a SUPERPAVE mixture.

As indicated in Chapter 4, field distress surveys were conducted by the North
Central Regional Coordinators, ERES Consultants, during the study period. Distress data in
terms of crack length, crack frequency, longitudinal and transverse profile were obtained from

ERES Consultants and are analyzed in this section.
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7.1 _Thermal (Transverse) Cracking

Transverse crack data from distress maps that was summarized in Chapter 4 is
reproduced here in Table 7.1. No transverse cracking was observed at the time of the first survey
(1.5 years after construction). At the end of 3.5 years, Section 3 with the lowest viscosity binder
showed no thermal cracking, while Section 5 with the highest viscosity binder showed the
maximum amount of thermal cracking. Excluding the section with the modified binder (S-70-28),
the binders with warmer low temperature grades showed higher amounts of cracking than section
with colder high temperature grades. That is, S-64-16 with PGxx-16 exhibited the maximum
amount of crack and S-64-28, S-58-28 and R-15% with PGxx-28 showed little to no cracking.
Recall that the binder used in M-AC-20, AC-20, was performance graded as PG64-22.

Table 7.1 -- Transverse cracking observed at the end of 3.5 years

Number of Cracks/Level Length of Crack Total Crack
Section ID (m)/Level Length

Low Med High Low Med High (m/150 m)
M-AC-20 1.0 3.0 0.0 3.7 104 0.0 14.1
S-64-28 1.0 0.0 0.0 3.7 0.0 0.0 3.7
S-58-28 0.0 0.0 0.0 0.0 0.0 0.0 0.0
R-15% 1.0 0.0 0.0 3.2 0.0 0.0 3.2
S-70-28 14.0 13.0 2.0 394 45.8 7.4 92.6
S-64-16 2.0 8.0 0.0 3.0 24.2 0.0 27.2

Figure 7.1 shows the total crack length versus the critical cracking temperature of
the recovered binders obtained at the end of 4 years. S-64-28 and R-15% showed similar crack
lengths. The addition of 15% RAP to R-15% did not appear to alter the thermal cracking
resistance of the mixture. With the exception of S-70-28, the sections with PGxx-28 binders
showed good cracking resistance. Although the influence of SBS binder modification is typically
known to improve the rutting resistance of the mixture, in this study, it proved to have a negative
impact on the thermal cracking resistance of the mixture in that, this section (S-70-28) with the
modified binder showed a higher degree of transverse cracking in comparison with the other test
sections. A 9-degree C difference was observed between the critical temperature estimates

obtained from BBR and PP42 procedures for this test section.
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Figure 7.1 -- Total transverse crack length versus critical cracking temperature

Pavement critical temperature estimates obtained for IDT testing also indicated
that thermal cracking may be expected in M-AC-20 and S-64-16. The high creep stiffness
observed in these sections was also indicative of poor thermal cracking performance in these two
sections. The low creep stiffness values of S-58-28 and S-70-28 indicated that these two
sections would show better resistance to thermal cracking. While this was true in the case of
S-58-28, S-70-28 showed the worst performance in terms of thermal cracking. The low
temperature mixture properties of the other sections did not give clear cut results as to their
thermal cracking resistance. This indicates that other factors, in addition to low temperature
mixture properties, are governing the low temperature behavior to these mixtures.

These factors can be found from binder testing at low temperatures. BBR and
DT test data from recovered binders indicate some degree of binder stiffening with time in some
of the binders, most notably in S-70-28 and S-64-16. Figure 7.1 clearly shows an increase in the
degree (severity) of cracking, in terms of total crack length, with increasing critical cracking
temperatures of the binders obtained from BBR and PP42. Although S-64-28, S-58-28, R-15%

and S-70-28 had the same low temperature grade, the degree of binder stiffening observed in
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S-58-28 was insignificant compared with that observed in S-70-28. In spite of the binder
stiffening observed in PG70-28, this binder retained its ductility at low temperatures due to the
addition of the modifier in the binder. Hence, the BBR limiting criterion (m-value) gave a warmer
critical temperature than the PP42 criterion. BBR tests predicted cracking in S-70-28 and S-64-

16 and this prediction was confirmed by field observations.

7.2 Load-Related (Longitudinal) Cracking

Longitudinal cracking observed in the field was also shown on the crack maps
generated as a result of the distress surveys. This type of cracking is generally associated with
load-related fatigue, poor pavement structure and/or mixture design. Since the test sections were
laid out consecutively in the same stretch of the test pavement, it is logical to assume that all the
sections were subjected to the same temperature and traffic loading conditions.

Table 7.2 shows the frequency of the longitudinal cracks occurring in the wheel
path and the total crack length in each section at the end of 3.5 years. The Marshall section
(M-AC-20) showed the best performance in terms of load-associated distress, while the
SUPERPAVE mixture with PG64-16 (S-64-16) showed the worst performance. It would have
been intuitively expected that S-70-28 with the modified binder would show little to no longitudinal
cracking. Frequency sweep testing at the Tegrc) indicated that S-64-16 and R-15% had the
highest stiffness and would therefore perform well in the field under traffic loads. Contrary to
these expectations, S-70-28 and S-64-16 showed the worst performance among all the test
sections. At the same time, M-AC-20, which had lower stiffness at Tefrc) in comparison with the
other sections, showed no longitudinal cracking. Using the LTPP criteria shown in Table 4.1,
S-58-28, R-15%, S-70-28 and S-64-16 showed severe cracking and S-64-28 showed moderate

amount of cracking.
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Table 7.2 -- Longitudinal cracking observed at the end of 3.5 years

Length of Cracks in the Length of Cracks notin | Total Crack
Section ID Wheel Path (m) the Wheel Path (m) Length
Low | Med | High | Low | Med | High | (M/150m)
M-AC-20 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S-64-28 0.0 0.0 0.0 27.5 61.0 0.0 88.5
S-58-28 0.0 0.0 0.0 14.0 138.5 0.0 152.5
R-15% 0.0 0.0 0.0 73.0 70.0 0.0 143.0
S-70-28 63.0 0.0 0.0 26.5 113.8 0.0 203.3
S-64-16 112.9 0.0 0.0 0.0 152.0 0.0 265.4

7.3 Permanent Deformation (Rutting)

The transverse profile of the pavement was measured at every 15 m along the
length of each test section (150 m), at the end of 1.5 and 3.5 years. The average rut depth at
every 305 mm interval (length of the footpad) along the 3.5 m of the lane width was calculated.
These data are represented graphically in Figures 7.2 and 7.3. The rut depth in the right wheel
path (RWP) was typically deeper than that observed in the left wheel path. In addition, some
degree of “heaving” or “shoving” was observed in the left wheel paths of S-58-28, R-15%,
S-70-28 and S-64-16. It can also be seen that the point of maximum rut depth in the RWP
showed a slight rightward shift (fowards the shoulder) in most cases. These features are typically
attributed to the cross-slope of the pavement, which causes the vehicles exert a downward and
sideways force on the pavement surface. In addition, a slight lateral migration (wander) in the
traffic pattern with time might also have occurred due to the increasing frequency of the patched
core holes. Only the rut depths in the RWP were used here for making comparisons.

At the end of 1.5 years, S-64-28 and S-58-28 exhibited the maximum amount of
rutting in the RWP, while S-70-28 and S-64-16 showed the least amount of rutting. At the end of
3.5 years, S-64-28 showed the highest rut depth, followed by S-58-28 and R-15%. While a
higher degree of rutting was expected in S-58-28 due to the softer binder grade (PG58-28), the
higher degree of rutting observed in the control section (S-64-28) and R-154% was not expected

based on the performance grade of the binder. However, the percent air voids data obtained
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from field core samples indicated that the P, of S-64-28 fell below 3% at the end of one year
(37% decrease in P,). This was indicative of rutting problems in the section early-on during the
life of the pavement. M-AC-20, S-70-28 and S-64-16 showed the least amount of rutting at the
end of 3.5 years. The use of the SBS-modified binder in this section appears to have improved
the rut resistance of this section.

The low modulus value and high slope value of S-58-28 mixtures obtained from
frequency sweep testing were also indicative of high rutting and temperature susceptibility of this
mixture. R-15%, S-70-28 and S-64-16 mixtures, which had relatively high |G*| showed lower rut
depths in comparison with the other sections. All the mixtures were categorized as “good” based
on the |G*| at 40°C, according to the Asphalt Institute criteria indicating that all the mixtures tested
may be expected to show good rut resistance in the field.

The higher values of maximum shear deformation (O.max) experienced by S-58-28
mixtures also indicated that these mixtures were prone to rutting. Although this section had high
percent resilience in the SSCH test, this parameter does not appear to be a good indicator its
rutting behavior in the field, within the confines of this test conditions. This was also true in the
case of S-64-28, which had higher percent resilience, but showed poor rutting performance in the
field. Intermediate mixtures of M-AC-20 and S-64-28 and surface mixtures of M-AC-20 and
S-64-16 also showed higher 6., in comparison with the other mixtures at 40.5°C, but less than
that observed in S-58-28.

All the mixtures performed fairly well in the RSCH tests, but S-58-28 showed
significantly higher plastic strain (¢,) compared with the other sections. This indicates that
S-58-28 would show a higher amount of rutting, if any, in comparison with the other sections.
S-64-28 and R-15% had the same ¢, and were expected to show similar performance. But this
was not found to be true in the field, due to low in-place air void content of S-64-28. S-70-28 had
lowest rut depth as indicated by the low g, of these mixtures. Asphalt Institute criteria indicate

that S-64-28, S-58-28 and R-15% are move prone to rutting, compared with M-AC-20, S-70-28

and S-64-16.
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7.4 Laboratory Distress Indicators versus Observed Field Performance

Distress predictions obtained from the low and high temperature mixture and
binder tests conducted in the laboratory (penetration, DSR, BBR, DT, IDT, FSCH, SSCH and
RSCH) were summarized and compared with observed field distress. Table 7.3 shows the
summary of the predicted and observed distress based on low temperature testing (thermal
cracking). Table 7.4 shows the summary of the predicted and observed distress based on high
temperature testing (rutting and longitudinal cracking).

Of all the low temperature tests conducted in the laboratory, results obtained
from binder tests appear to be good indicators of expected thermal cracking (low temperature)
performance of the pavement under field conditions. Results from low temperature mixture
testing gave mixed results. Conclusions drawn from creep stiffness and tensile strength results at
3% P, level did not always agree with conclusions drawn from results at 7% P, level. Therefore,
trends shown in Table 7.3 apply either at the 3% or at the 7% P, level. Similarly, the conclusions
from the surface and the intermediate mixtures of a given section did not always coincide.
Typically, the conclusions shown in Table 7.3 were drawn from surface mixtures since they are
more critical than the intermediate mixtures. Thermal cracking was predicted in S-64-16 by most
of the tests and this was confirmed by field observation, which showed a high degree of cracking
in comparison with the other test sections. While many tests also predicted cracking in M-AC-20
and S-70-28, the amount of cracking observed in S-70-28 was significantly higher than that
observed in M-AC-20. Minimal to no thermal cracking was predicted in S-64-28, S-58-28 and
R-15%; which was validated by field observations.

All the high temperature tests conducted in the laboratory indicated that the
overall rut resistance of the mixtures was high. Any rutting, if present, was expected to be only
minimal. This was confirmed by field observations. S-58-28 was expected to show a higher
degree of rutting by most of the tests conducted in comparison with the other test sections. This
was confirmed by field observations as well, which also indicated that S-64-28 and R-15%

developed rut depths comparable to rut depths observed in S-64-28. Of all the high temperature



Table 7.3 -- Low-temperature related distress predicted and observed

Distress Test Layer M-AC-20 S-64-28 S-58-28 R-15% S-70-28 S-64-16
» | Penetration Surface + - + + +
[%2]
3 BBR Surface - + +
% DT Surface - +
@ PP42 Surface - +
Low
Temperature Creep Surface - - +
(Thermal) * Stiffness™ Intermediate _ ] +
Cracking k) -
..9 Indirect Surface - - - + +
o Tensile
2| Strength* | Intermediate - - + + N -
S | Pavement Surface + +
Cracking
Temperature* Intermediate +
Transverse cracking observed in the field - - - + +

* = Conclusions indicated do not apply at both P, levels;”+” = higher degree; “-“ = lower degree

8G1



Table 7.4 -- High-temperature related and load related distress predicted and observed

Distress Test Layer M-AC-20 S-64-28 S-58-28 R-15% S-70-28 S-64-16
m DSR Surface
Frequency Surface - - + - - -
Sweep
. _ _ + _ _ _
Permanent % (49.500) Intermediate
Deformation | £| Simple Surface + - + - - +
(Rutting) | | Shear .
§ (40.5°C) Intermediate + + + - - -
= Repeated Surface - + + + - -
Shear Intermediate + + + - - -
Rutting observed in the field - + + + - -
o | Frequency Surface + - + - + -
7] Sweep
Fatigue % (29.5°C) Intermediate - - + _ + _
Cracking | 5| Simple Surface + .
g Shear
(29.5°C) Intermediate + + +
Longitudinal cracking observed in the field - - - + +

B = binder test; “+” = higher degree; “-“ = lesser degree

6SL
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tests, repeated shear at constant height test appears to be a better (although not entirely
accurate) indicator of rut susceptibility of the mixtures.

The results from frequency sweep and simple shear tests conducted at Tegrc)did
not provide accurate predictions about the expected field performance of the mixtures. This was
not surprising since the behavior of a pavement under fatigue loads is a complex phenomenon
and depends on the pavement thickness, mixture stiffness and binder viscosity (4). Thinner
pavements, pavements with low viscosity binders or with low stiffness mixtures are generally
tested under constant strain mode. While thicker pavements, pavements with high viscosity
binders or with high mixture stiffness are evaluated under constant stress mode. Marshall section
did not exhibit any longitudinal cracking, while all the SUPERPAVE sections exhibited longitudinal

cracking to varying degrees in the field.



Table Al -- Aggregate blend used in surface course of M-AC-20
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. . #11 Slag (24%) #11 Dolomite (24%) # 24 Natural Sand (52%) | % Passing .
Sieve Size 0 : 0 ; 0 ; in Total Specification
NO. (mm) Yo Pgssmg . % Eassmg . Yo I?assmg : in To Limit
In Stockpile | In Mix | In Stockpile In Mix In Stockpile In Mix Blend
1/2” 12.50 100.0 24.0 100.0 24.0 100.0 52.0 100.0 100
3/8” 9.50 87.0 20.9 85.8 20.6 100.0 52.0 93.5 85 - 98
4 4.75 17.0 4.1 22.0 5.3 100.0 52.0 61.4 52 - 67
8 2.36 5.7 14 5.0 1.2 93.0 48.4 50.9 31-62
16 1.16 4.9 1.2 4.5 1.1 72.0 374 39.7 17-50
30 0.600 4.2 1.0 4.0 1.0 45.0 234 25.4 8-37
50 0.300 3.8 0.9 3.8 0.9 24.0 12.5 14.3 3-25
100 0.150 34 0.8 3.3 0.8 4.0 2.1 3.7 0-14
200 0.075 3.0 0.7 2.0 0.5 2.5 1.3 2.5 0-4
Table A2 -- Aggregate blend used in intermediate course of M-AC-20
#8 Crushed Stone (60%) | #11 Crushed Stone (15%) | #24 Natural Sand (25%) %
Sieve Size % Passing % Passing % Passing Passing | Specification
No. (mm) . . . . . , in Total Limit
In Stockpile In Mix In Stockpile In Mix In Stockpile In Mix Blend
1" 25.00 100.0 60.0 100.0 15.0 100.0 25.0 100.0 100
3/4” 19.00 88.0 52.8 100.0 15.0 100.0 25.0 92.8 80 - 98
1/2” 12.50 50.0 30.0 100.0 15.0 100.0 25.0 70.0 56 - 80
3/8” 9.50 30.0 18.0 90.0 13.5 100.0 25.0 56.5 43 - 68
4 4.75 7.0 4.2 23.0 35 100.0 25.0 32.7 25-40
8 2.36 4.5 2.7 5.3 0.8 93.0 23.3 26.7 14 - 40
16 1.16 4.0 2.4 4.2 0.6 72.0 18.0 21.0 8-32
30 0.600 35 2.1 3.8 0.6 45.0 11.3 13.9 5-24
50 0.300 2.9 1.7 3.3 0.5 24.0 6.0 8.2 2-16
100 0.150 2.7 1.6 3.0 0.5 4.0 1.0 3.1 0-10
200 0.075 2.5 1.5 2.5 0.4 2.5 0.6 2.5 0-4
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Table A3 -- Aggregate blend used in surface course of S-64-28, S-58-28, S-70-28 and S-64-16
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#11 Slag #11 Dolomite #24 Dolomite Sand Ag Lime %
0, 0, 0, 0,
No. (mm) - 9 Ino 9 Ino 9 Ino 9 in Total Limit
stockpile | " MX [ siockpite | MM | siockpile | M MX | stockpite | M Mix [ Blend
1/2” 12.50 100.0 30.0 100.0 30.0 100.0 30.0 100.0 10.0 100.0 100.0
3/8” 9.50 83.4 25.0 85.2 25.6 100.0 30.0 100.0 10.0 90.6 90.0 - 100.0
4 4.75 14.5 4.4 19.0 5.7 99.5 29.9 100.0 10.0 49.9
8 2.36 6.0 1.8 5.0 15 93.0 27.9 95.0 9.5 40.7 32.0-47.2
16 1.16 5.0 15 4.5 1.4 60.0 18.0 80.0 8.0 28.9 <31.6
30 0.600 4.0 1.2 4.3 1.3 37.0 11.1 58.0 5.8 19.4 <235
50 0.300 3.8 1.1 3.6 1.1 21.0 6.3 32.0 3.2 11.7 <18.7
100 0.150 3.5 1.1 3.0 0.9 11.0 3.3 22.0 2.2 7.5
200 0.075 3.2 1.0 2.5 0.8 5.2 1.6 17.0 1.7 5.0 2.0-10.0
Table A4 -- Aggregate blend used in intermediate course of S-64-28, S-58-28, S-70-28 and S-64-16
#8 Crushed Stone | #11 Crushed Stone #24 Stone Sand #12 Crushed Stone o
. . (45%) (15%) (30%) (10%) 0 e
Sieve Size % Passing % Passing % Passing % Passing If’assmg SpeC|_f|c.at|on
No. (mm) n n n = in Total Limit
Stockpile In Mix Stockpile In Mix Stockpile In Mix Stockpile In Mix Blend
1" 25.00 100.0 45.0 100.0 15.0 100.0 30.0 100.0 10.0 100.0 100.0
3/4” 19.00 88.0 39.6 100.0 15.0 100.0 30.0 100.0 10.0 94.6 90.0 - 100.0
1/2" 12.50 50.0 225 100.0 15.0 100.0 30.0 100.0 10.0 775
3/8” 9.50 30.0 135 90.0 13.5 100.0 30.0 100.0 10.0 67.0
4 4.75 7.0 3.2 23.1 3.5 99.5 29.9 70.0 7.0 43.5
8 2.36 4.5 2.0 7.0 1.1 82.0 24.6 12.0 1.2 28.9 23.0-34.6
16 1.16 4.0 1.8 4.5 0.7 44.0 13.2 8.0 0.8 16.5 <223
30 0.600 3.5 1.6 4.3 0.6 24.0 7.2 6.0 0.6 10.0 <16.7
50 0.300 2.9 1.3 3.6 0.5 14.0 4.2 5.0 0.5 6.5 <137
100 0.150 2.7 1.2 3.0 0.5 9.0 2.7 3.8 0.4 4.7
200 0.075 2.5 1.1 2.5 0.4 5.0 1.5 2.6 0.3 3.3 2.0-8.0

28T



Table A5 -- Aggregate blend used in surface course of R-15%
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#11 Slag #11 Dolomite #24 Dolomite Sand RAP %
No. (mm) n 9 i 9 n 9 = 9 in Total Limit
stockpile | " MX | stockpite | M MX | stockpile | "M MX | stockpile | M Mix | Blend
1/2” 12.50 100.0 27.0 100.0 27.0 100.0 31.0 100.0 15.0 100.0 100.0
3/8” 9.50 83.4 22.5 85.2 23.0 100.0 31.0 85.0 12.8 89.3 90.0 - 100.0
4 4.75 14.5 3.9 19.0 5.1 99.5 30.8 66.0 9.9 49.8
8 2.36 6.0 1.6 5.0 14 93.0 28.8 50.0 7.5 39.3 32.0-47.2
16 1.16 5.0 1.4 4.5 1.2 60.0 18.6 40.0 6.0 27.2 <31.6
30 0.600 4.0 1.1 4.3 1.2 37.0 115 30.0 4.5 18.2 <235
50 0.300 3.8 1.0 3.6 1.0 21.0 6.5 17.0 2.6 111 <18.7
100 0.150 3.5 0.9 3.0 0.8 11.0 3.4 10.0 15 6.7
200 0.075 3.2 0.9 2.5 0.7 5.2 1.6 6.5 1.0 4.1 2.0-10.0
Table A6 -- Aggregate blend used in intermediate course of R-15%
#8 Crushgd Stone | #11 Crushed Stone #24 StorLe Sand RA;P %
Sieve Size % gl:sgi)n % I(DlaSsoﬁi)n % I(DZ:s/soi)n % é’laSs/soi)n Passing [ Specification
No. (mm) n 9 n 9 in 9 = 9 in Total Limit
Stockpile In Mix Stockpile In Mix Stockpile In Mix Stockpile In Mix Blend
1" 25.00 100.0 45.0 100.0 15.0 100.0 25.0 100.0 15.0 100.0 100.0
3/4” 19.00 88.0 39.6 100.0 15.0 100.0 25.0 84.0 12.6 92.2 90.0 - 100.0
1/2" 12.50 50.0 22.5 100.0 15.0 100.0 25.0 75.0 11.3 73.8
3/8” 9.50 30.0 13.5 90.0 13.5 100.0 25.0 69.0 104 62.4
4 4.75 7.0 3.2 23.1 35 99.5 24.9 48.0 7.2 38.7
8 2.36 4.5 2.0 7.0 1.1 82.0 20.5 40.0 6.0 29.6 23.0-34.6
16 1.16 4.0 1.8 4.5 0.7 44.0 11.0 25.0 3.8 17.2 <223
30 0.600 3.5 1.6 4.3 0.6 24.0 6.0 15.0 2.3 10.5 <16.7
50 0.300 2.9 1.3 3.6 0.5 14.0 3.5 9.0 1.4 6.7 <137
100 0.150 2.7 1.2 3.0 0.5 9.0 2.3 6.5 1.0 4.9
200 0.075 2.5 1.1 2.5 0.4 5.0 1.3 5.0 0.8 3.5 2.0-8.0
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Table B1 -- IRI data from the left and right wheel paths of all sections

185

(;/rég]ri) Left IRl Right IRl AV(IEI;?ge Dli:;?é?:r?ct:e (Carey :r?(? Darter)
M-AC-20

0.5 0.585 0.673 0.629 15.2 4.30
1 0.581 0.655 0.618 12.9 4.31
2 0.580 0.694 0.637 19.7 4.29
3 0.564 0.645 0.605 14.4 4.32
4 0.602 0.713 0.657 18.5 4.27

S-64-28

0.5 0.516 0.608 0.562 17.8 4.37
1 0.522 0.632 0.577 211 4.35
2 0.532 0.642 0.587 20.6 4.34
3 0.531 0.646 0.589 21.6 4.34
4 0.531 0.650 0.591 22.5 4.34

S-58-28

0.5 0.540 0.630 0.585 16.6 4.35
1 0.567 0.653 0.610 15.2 4.32
2 0.700 0.692 0.696 -1.3 4.23
3 0.676 0.666 0.671 -1.6 4.26
4 0.729 0.733 0.731 0.6 4.20

R-15%

0.5 0.483 0.614 0.548 27.1 4.38
1 0.504 0.630 0.567 25.1 4.36
2 0.543 0.651 0.597 19.7 4.33
3 0.536 0.625 0.580 16.7 4.35
4 0.542 0.703 0.623 29.6 4.31

S-70-28

0.5 0.503 0.702 0.602 39.5 4.33
1 0.513 0.701 0.607 36.6 4.32
2 0.523 0.732 0.627 39.9 4.30
3 0.504 0.711 0.607 41.2 4.32
4 0.536 0.775 0.655 44.5 4.27

S-64-16

0.5 0.501 0.659 0.580 314 4.35
1 0.504 0.674 0.589 33.7 4.34
2 0.531 0.697 0.614 31.3 4.31
3 0.501 0.658 0.580 31.2 4.35
4 0.581 0.785 0.683 35.1 4.24




Table B2 -- Penetration values of the binders at all ages at 5°C
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Binder Penetration Values (0.1 mm)
Tank 2 wks. 8 mo. 12 mo. 18 mo. 24 mo. 48 mo.
AC-20 26 13 15 8 6 6 6
PG64-28 36 27 21 19 18 16 16
PG58-28 53 36 34 25 21 20 21
ITNG/%A'A?DS 36 19 19 13 12 12 12
PG70-28 56 33 24 15 13 11 10
PG64-16 16 14 15 11 8 7 8
Table B3 -- Penetration values of the binders at all ages at 25°C
. Penetration Values (0.1 mm)
Binder
Tank 2 wks. 8 mo. 12 mo. 18 mo. 24 mo. 48 mo.
AC-20 89 26 21 20 14 12 11
PG64-28 79 58 56 42 41 40 40
PG58-28 124 63 51 51 34 30 31
Pooe LS 79 37 35 27 23 16 17
PG70-28 68 40 32 20 19 15 15
PG64-16 31 23 24 12 11 5 6




Table B4 -- Absolute viscosity of the binders at all ages at 60°C
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Binder Absolute Viscosity (cP)
Tank 2 wks. 8 mo. 12 mo. 18 mo. 24 mo. 48 mo.
AC-20 15.7 43.3 46.1 55.8 78.1 96.0 120.5
PG64-28 11.2 16.6 18.0 19.5 20.1 20.6 10.9*
PG58-28 6.6 13.1 135 13.7 32.6* 16.4 17.4
I?NG/%A'AZPS 11.2 345 40.7 41.8 36.7 60.4 66.4
PG70-28 41.7 165.0 251.9 643.3* 126.5* 373.4 858.4
PG64-16 23.4 29.2 67.6 93.7 101.6 82.6 174.3
* outliers
Table B5 -- Rotational viscosity of the binders at all ages at 135°C
Binder Rotational Viscosity (Pa-s)
Tank 2 wks. 8 mo. 12 mo. 18 mo. 24 mo. 48 mo.
AC-20 456.3 750.0 775.0 825.0 937.5 975.0 1037.5
PG64-28 408.3 500.0 512.5 525.0 550.0 562.5 381.3*
PG58-28 272.9 437.5 450.0 462.5 612.5 625.0 506.3
Po0eS | 4083 | 6250 | 7125 | 7250 | 7375 | 7500 | 809.4
PG70-28 529.2 1104.3 1138.0 1650.0* 975.0* 1388.0 1971.5
PG64-16 425.0 462.5 750.0 800.0 875.0 900.0 987.5

* outliers



Table B6 -- Layer thickness data for M-AC-20, S-64-28 and S-58-28
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Age M-AC-20 -- Surface M-AC-20 -- Intermediate

(months) | Mean (in.) | Std. Dev. C.V. Mean (in.) | Std. Dev. C. V.

0.5 1.83 0.23 12.7 4.57 0.21 4.5

8 1.81 0.34 18.8 4.75 0.28 5.8

12 1.83 0.26 14.2 4.66 0.23 5.0

18 1.82 0.28 15.7 4.73 0.37 7.9

24 1.87 0.25 13.5 4.67 0.24 5.1

48 1.89 0.22 11.7 4.63 0.34 7.4
Age S-64-28 -- Surface S-64-28 -- Intermediate

(months) | Mean (in.) | Std. Dev. C. V. Mean (in.) | Std. Dev. C. V.

0.5 191 0.12 6.5 4.92 0.24 4.8

8 191 0.19 9.9 4.97 0.10 2.0

12 1.90 0.10 5.2 4.86 0.15 3.0

18 1.81 0.11 5.8 4.80 0.24 51

24 1.94 0.17 8.8 4,78 0.16 3.3

48 1.87 0.13 7.2 4.81 0.13 2.8
Age S-58-28 -- Surface S-58-58 -- Intermediate

(months) | Mean (in.) | Std. Dev. C. V. Mean (in.) | Std. Dev. C.V.

0.5 1.84 0.13 7.3 4.35 0.31 7.2

8 1.91 0.15 7.9 4.54 0.33 7.4

12 1.84 0.11 6.2 4.55 0.24 54

18 1.72 0.14 8.2 4.64 0.22 4.8

24 1.84 0.15 8.2 4.42 0.33 7.5

48 1.80 0.16 8.7 4.39 0.25 5.6




Table B7 -- Layer thickness data for R-15%, S-70-28 and S-64-16
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Age R-15% -- Surface R-15% -- Intermediate

(months) | Mean (in.) | Std. Dev. C.V. Mean (in.) | Std. Dev. C. V.

0.5 1.86 0.22 11.8 4,72 0.17 3.7

8 1.80 0.16 8.8 4.81 0.18 3.6

12 1.83 0.18 9.8 473 0.12 2.6

18 1.79 0.19 10.6 4.79 0.18 3.8

24 1.83 0.25 13.7 4.72 0.14 3.0

48 1.84 0.20 11.0 4.66 0.19 4.0
Age S-70-28 -- Surface S-70-28 -- Intermediate

(months) | Mean (in.) | Std. Dev. C. V. Mean (in.) | Std. Dev. C. V.

0.5 1.80 0.13 7.4 4.63 0.26 5.5

8 1.68 0.18 10.7 4.85 0.16 3.3

12 1.75 0.17 9.5 4.77 0.23 4.8

18 1.75 0.15 8.7 4.68 0.10 2.2

24 1.70 0.15 9.1 473 0.10 2.1

48 1.73 0.17 9.9 4.53 0.13 2.8
Age S-64-16 -- Surface S-64-16 -- Intermediate

(months) | Mean (in.) | Std. Dev. C. V. Mean (in.) | Std. Dev. C.V.

0.5 1.72 0.14 8.4 4.79 0.20 4.2

8 1.70 0.16 9.5 4.93 0.15 3.1

12 1.75 0.20 11.5 491 0.93 19.0

18 1.72 0.18 10.3 4.75 0.12 2.6

24 1.69 0.16 9.5 4.88 0.27 5.5

48 1.73 0.14 8.3 4.72 0.28 6.0




Table B8 -- Air void data for M-AC-20, S-64-28 and S-58-28
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Age M-AC-20 -- Surface M-AC-20 -- Intermediate

(months) | Mean (%) | Std. Dev. C.V. Mean (%) | Std. Dev. C.V.

0.5 7.7 0.3 4.4 4.7 1.1 22.6

8 7.2 0.2 3.1 4.8 0.3 7.3

12 6.7 0.2 2.3 4.6 0.7 16.3

18 6.9 0.3 4.9 4.3 0.4 9.9

24 6.8 0.2 2.3 4.4 0.3 6.1

48 6.3 0.2 3.9 3.9 0.5 11.9
Age S-64-28 -- Surface S-64-28 -- Intermediate

(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.

0.5 4.3 0.6 12.9 3.8 0.7 18.6

8 3.5 1.1 30.5 3.4 0.6 17.5

12 2.7 0.9 32.6 3.3 0.7 21.0

18 3.2 0.6 17.8 35 0.7 20.8

24 2.5 0.4 16.1 3.2 0.7 20.3

48 2.0 0.4 21.7 2.7 0.5 20.0
Age S-58-28 -- Surface S-58-58 -- Intermediate

(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.

0.5 6.5 0.7 104 3.8 0.7 18.5

8 55 0.6 104 3.3 0.9 26.6

12 4.8 0.5 10.7 3.2 1.1 34.8

18 5.2 0.4 8.2 3.6 0.9 23.6

24 4.5 0.4 8.8 3.2 1.0 30.5

48 4.0 0.6 151 3.1 0.7 21.1




Table B9 -- Air void data for R-15%, S-70-28 and S-64-16
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Age R-15% -- Surface R-15% -- Intermediate

(months) | Mean (%) | Std. Dev. C.V. Mean (%) | Std. Dev. C.V.

0.5 7.0 0.4 5.3 4.5 0.9 20.2

8 6.9 0.5 7.6 4.1 0.2 54

12 6.5 0.6 9.1 4.2 0.6 141

18 6.0 0.8 13.7 4.4 0.8 17.3

24 5.9 0.7 11.8 4.2 0.5 111

48 5.7 0.5 9.5 4.0 0.6 14.0
Age S-70-28 -- Surface S-70-28 -- Intermediate

(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.

0.5 7.9 1.0 12.1 5.7 1.1 18.9

8 6.7 0.5 7.0 4.9 0.5 9.4

12 6.5 0.4 6.3 4.5 0.3 6.6

18 6.1 0.7 11.7 4.4 1.3 29.6

24 6.4 0.6 9.8 4.6 0.2 4.2

48 55 0.6 10.8 4.1 0.2 6.1
Age S-64-16 -- Surface S-64-16 -- Intermediate

(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.

0.5 9.0 0.5 5.8 6.7 0.4 6.2

8 8.0 0.4 51 6.2 0.5 7.4

12 7.8 0.7 8.8 5.9 0.5 7.8

18 7.7 0.4 4.9 5.7 0.8 14.1

24 7.5 0.3 3.6 5.7 0.4 7.8

48 7.0 0.3 4.7 55 0.3 5.0




Table B10 -- Binder content data for M-AC-20, S-64-28 and S-58-28
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Age M-AC-20 -- Surface M-AC-20 -- Intermediate
(months) | Mean (%) | Std. Dev. C.V. Mean (%) | Std. Dev. C.V.
0.5 5.6 0.1 24 4.4 0.1 2.7
8 5.8 0.2 3.9 4.3 0.3 5.8
12 55 0.2 3.9 4.4 0.3 6.6
18 6.1 0.1 1.8 4.3 0.1 3.0
24 55 0.1 2.7 4.5 0.3 5.6
48 5.8 0.1 1.8 4.4 0.2 35
Age S-64-28 -- Surface S-64-28 -- Intermediate
(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.
0.5 6.6 0.2 2.9 5.2 0.3 5.3
8 6.7 0.1 1.7 51 0.2 3.9
12 6.6 0.1 2.1 5.0 0.2 4.9
18 6.6 0.2 35 5.3 0.2 3.9
24 6.4 0.3 4.5 5.3 0.2 2.9
48 6.5 0.1 1.6 5.3 0.2 4.2
Age S-58-28 -- Surface S-58-58 -- Intermediate
(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.
0.5 6.2 0.2 2.6 51 0.2 3.6
8 6.5 0.3 4.1 5.2 0.2 3.8
12 6.7 0.2 2.4 54 0.3 4.9
18 6.5 0.2 2.7 51 0.2 3.8
24 6.6 0.2 3.1 54 0.1 2.8
48 6.4 0.1 2.3 5.0 0.2 4.7




Table B11 -- Binder content data for R-15%, S-70-28 and S-64-16
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Age R-15% -- Surface R-15% -- Intermediate
(months) | Mean (%) | Std. Dev. C.V. Mean (%) | Std. Dev. C.V.
0.5 6.2 0.2 3.2 4.5 04 8.6
8 6.5 0.1 2.1 4.5 0.2 5.0
12 6.5 0.2 2.5 4.6 0.2 5.2
18 6.7 0.2 3.0 4.7 0.2 4.3
24 6.4 0.2 2.6 4.4 0.1 3.0
48 6.3 0.2 2.7 4.8 0.2 4.2
Age S-70-28 -- Surface S-70-28 -- Intermediate
(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.
0.5 6.8 0.3 4.2 4.6 0.2 4.6
8 6.8 0.4 5.3 4.8 0.3 5.3
12 6.4 0.2 3.3 4.8 0.2 5.2
18 6.4 0.2 35 4.9 0.2 4.0
24 6.4 0.2 3.0 5.0 0.1 2.8
48 6.3 0.1 2.2 4.8 0.1 2.2
Age S-64-16 -- Surface S-64-16 -- Intermediate
(months) | Mean (%) | Std. Dev. C. V. Mean (%) | Std. Dev. C. V.
0.5 6.6 0.1 2.2 4.7 0.2 34
8 6.6 0.2 3.7 4.8 0.2 4.1
12 6.6 0.3 4.2 4.8 0.2 4.9
18 6.5 0.3 4.0 4.8 0.3 7.0
24 6.5 0.2 3.7 5.2 0.2 4.0
48 6.4 0.2 2.6 4.8 0.2 3.3




Table B12 -- Frequency sweep test data for the surface mixtures at 29.5°C
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Repli M-AC-20 S-64-28 S-58-28 R-15% | S-70-28 ‘ S-64-16
eplicate -
Complex Shear Modulus at 10 Hz, |G*| psi
1 237594 303675 193016 500831 309165 433627
2 267216 385280 188618 457724 301269 485066
3 190029* 474475* 192650 499315 301125 374383
4 261114 374954 206926 469311 284715 471388
5 307969 385104 172878 523419 303737 452799
Mean 268473 362253 190818 490120 300002 443453
Std. Dev. 29264 39349 12190 26413 9144 43205
C. of Var. 10.9 10.9 6.4 54 3.0 9.7

* indicates outliers

Table B13 -- Frequency sweep test data for the surface mixtures at 40.5°C

Repli M-AC-20 S-64-28 S-58-28 R-15% | S-70-28 ‘ S-64-16
eplicate -
Complex Shear Modulus at 10 Hz, |G*| psi
1 158601 236266 58658 305350 156713 252548
2 126436 271812 46848 346474 134933 214847
3 122945 300594 63663 321345 131553 207663
4 157226 289388 56045 284319 171135 200602
5 174353 277905 49969 338990 171885 223291
Mean 147912 275193 55037 319296 153244 219790
Std. Dev. 22275 24397 6732 25242 19270 20156
C. of Var. 15.1 8.9 12.2 7.9 12.6 9.2
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Table B14 -- Frequency sweep test data for the intermediate mixtures at 29.5°C

Repli M-AC-20 S-64-28 S-58-28 R-15% | S-70-28 ‘ S-64-16
eplicate -
Complex Shear Modulus at 10 Hz, |G*| psi
1 199594 160497 169497 538693* 234209 415652
2 207811 161226 189782 321175 240930 431603
3 185584 157898 193808 367116 262392 420019
4 169945 140870 185165 324969 235678 425314
5 207086 153129 204195 347225 232405 372179
Mean 194004 154724 188489 340121 241123 412953
Std. Dev. 16146 8369 12732 21352 12307 23560
C. of Var. 8.3 5.4 6.8 6.3 5.1 5.7

* indicates outliers

Table B15 -- Frequency sweep test data for the intermediate mixtures at 40.5°C

Repli M-AC-20 S-64-28 S-58-28 R-15% | S-70-28 ‘ S-64-16
eplicate -
Complex Shear Modulus at 10 Hz, |G*| psi
1 132727 74672 34916 122044 104113 207986
2 119617 69232 46042 149631 109597 203996
3 107427 75469 47967 105140 94126 170759
4 88884 66874 49303 128698 118620 192527
5 109914 77634 42537 123295 89372 190372
Mean 111714 72776 44153 125762 103166 193128
Std. Dev. 16177 4523 5757 15996 11759 14553
C. of Var. 145 6.2 13.0 12.7 11.4 7.5




Table B16 -- Simple shear test data for the surface mixtures at 29.5°C
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Reoli M-AC-20 S-64-28 S-58-28 R-15% ‘ S-70-28 ‘ S-64-16
eplicate L - -
Maximum Shear Deformation (in.)
1 0.00190 0.00028 0.00253 0.00013 0.00025 0.00033
2 0.00182 0.00028 0.00280 0.00014 0.00028 0.00031
3 0.00296* 0.00015 0.00237 0.00012 0.00026 0.00039
4 0.00152 0.00021 0.00237 0.00014 0.00027 0.00035
5 0.00158 0.00020 0.00307 0.00013 0.00024 0.00035
Mean 0.00170 0.00022 0.00263 0.00013 0.00026 0.00034
Std. Dev. 0.00019 0.00005 0.00030 0.00001 0.00002 0.00003
C. of Var. 10.9 23.9 11.4 7.2 5.9 9.3
* indicates outliers
Table B17 -- Simple shear test data for the surface mixtures at 40.5°C
Reoli M-AC-20 S-64-28 S-58-28 R-15% ‘ S-70-28 ‘ S-64-16
eplicate L - -
Maximum Shear Deformation (in.)
1 0.00242 0.00040 0.00290* 0.00025 0.00041 0.00112
2 0.00250 0.00038 0.00558 0.00024 0.00058 0.00114
3 0.00381* 0.00025 0.00491 0.00034 0.00053 0.00138
4 0.00253 0.00026 0.00497 0.00030 0.00044 0.00143
5 0.00247 0.00027 0.00566 0.00027 0.00048 0.00133
Mean 0.00248 0.00031 0.00528 0.00028 0.00049 0.00128
Std. Dev. 0.00005 0.00007 0.00039 0.00004 0.00007 0.00014
C. of Var. 1.8 23.7 7.5 14.0 13.5 11.2

* indicates outliers
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Table B18 -- Simple shear test data for the intermediate mixtures at 29.5°C

Reoli M-AC-20 S-64-28 S-58-28 R-15% ‘ S-70-28 ‘ S-64-16
eplicate L - -
Maximum Shear Deformation (in.)
1 0.00120* 0.00328 0.00360 0.00062 0.00056 0.00040
2 0.00333 0.00316 0.00206 0.00074 0.00059 0.00037
3 0.00416 0.00342 0.00297 0.00069 0.00053 0.00043
4 0.00379 0.00316 0.00246 0.00075 0.00055 0.00039
5 0.00317 0.00301 0.00256 0.00082 0.00057 0.00037
Mean 0.00361 0.00321 0.00273 0.00072 0.00056 0.00040
Std. Dev. 0.00045 0.00015 0.00059 0.00007 0.00002 0.00002
C. of Var. 12.5 4.8 21.5 9.9 3.9 6.0

* indicates outliers

Table B19 -- Simple shear test data for the intermediate mixtures at 40.5°C

Reoli M-AC-20 S-64-28 S-58-28 R-15% ‘ S-70-28 ‘ S-64-16
eplicate L - -
Maximum Shear Deformation (in.)
1 0.00242 0.00040 0.00290* 0.00025 0.00041 0.00112
2 0.00250 0.00038 0.00558 0.00024 0.00058 0.00114
3 0.00381* 0.00025 0.00491 0.00034 0.00053 0.00138
4 0.00253 0.00026 0.00497 0.00030 0.00044 0.00143
5 0.00247 0.00027 0.00566 0.00027 0.00048 0.00133
Mean 0.00248 0.00031 0.00528 0.00028 0.00049 0.00128
Std. Dev. 0.00005 0.00007 0.00039 0.00004 0.00007 0.00014
C. of Var. 1.8 23.7 7.5 14.0 13.5 11.2

* indicates outliers



Table B20 -- Repeated shear test data for the surface mixtures at 58°C
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Replicate M-AC-20 S-64-28 S-5§-28 R-15% . S-70-28 S-64-16
Cumulative Permanent Strain

1 0.0122 0.0185 0.0112 0.0165* 0.0097

2 0.0110 0.0156 0.0083 0.0041 0.0113

3 0.0248* 0.0174 0.0131 0.0041 0.0076

4 0.0110 0.0168 0.0190% 0.0041 0.0064

5 0.0162 0.0128 0.0097* 0.0096
Mean 0.0114 0.0169 0.0113 0.0041 0.0089
Std. Dev. 0.0007 0.0011 0.0022 0.0000 0.0019
C. of Var. 6.4 6.6 19.3 0.1 21.4

* indicates outliers

Table B21 -- Repeated shear test data for the intermediate mixtures at 54°C

Replicate M-AC-20 S-64-28 S-5§-28 R-15% . S-70-28 S-64-16
Cumulative Permanent Strain

1 0.0093 0.0073 0.0105 0.0070 0.0061 0.0095

2 0.0060 0.0103 0.0155 0.0053 0.0056 0.0120*

3 0.0132 0.0136 0.0196 0.0115 0.0052 0.0083

4 0.0137 0.0119 0.0154 0.0094 0.0063 0.0104

5 0.0080 0.0112 0.0148 0.0065 0.0029 0.0155*
Mean 0.0100 0.0108 0.0152 0.0079 0.0052 0.0094
Std. Dev. 0.0033 0.0023 0.0032 0.0025 0.0014 0.0010
C. of Var. 331 21.5 21.2 31.1 26.0 111
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