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EXECUTIVE SUMMARY

Introduction

The stiffness of asphalt materials increases over the pavement

service life as a result of the oxidation process. This phenomenon,

commonly known as aging, results in asphalt binder embrittle-

ment and thus a decrease in asphalt mixture resistance to cracking.

One of the most important benefits of using Superpave 5 (SP 5)

asphalt mixtures is their ability to slow asphalt binder aging in

asphalt pavements (Huber et al., 2019). The researchers of this

study compared the 5-year binder aging levels and asphalt mixture

cracking and rutting performance of SP 5 and conventional

Superpave asphalt mixture (SP 4) constructed in a 2013 trial

project (Huber et al., 2019). Additionally, visual field inspection

revealed the SP 5 asphalt mixture had better cracking and rutting

performance than the SP 4 asphalt mixture (Huber et al., 2019).

In order to relate asphalt mixture properties to asphalt pavement

design, it is necessary during the pavement design process to

predict anticipated in-service asphalt pavement performance-

based laboratory asphalt mixture properties and expected traffic

level and climate conditions.

INDOT uses the AASHTOWare Pavement ME Design soft-

ware for pavement design. AASHTO’s Pavement ME Design

software implements the new mechanistic-empirical pavement

design and analysis method. Agencies adopting Pavement ME

Design require appropriate input values corresponding to local

material specifications, traffic loading, and environmental condi-

tions. Based on the quality of the input data, there are three levels

(Levels 1 to 3) of local materials data that can be used in the

Pavement ME program (Esfandiarpour et al., 2013). To ensure

good prediction results, the embedded Pavement ME models must

be properly calibrated to account for INDOT materials. However,

the current asphalt aging prediction model in Pavement ME was

developed based on the conventional Superpave asphalt mixture

(SP 4) design method, which assumes an in-place air void content

of 7%. However, the Global Aging Model (GAS model) may not

be properly calibrated for air voids lower than 6%. Also, the GAS

model does not accurately capture the effects of air voids on aging.

So, the long-term pavement performance of the SP 5 mixture

cannot be determined by using the current aging model of

Pavement ME. The viscoelastic parameters (dynamic modulus

and phase angle) are the most important factors in the current

aging prediction model. In order to successfully use the Superpave

5 asphalt mixture design method with Pavement ME, updated

asphalt aging prediction models must be determined for both

Levels 1 and 2 Pavement ME designs and the input level and input

parameters play a significant role. So, it is necessary to determine

the pavement performance using the three different input levels

(Level 1, 2, and 3) and different aging conditions and to

recommend the necessary Pavement ME input parameters for

SP 5 asphalt mixtures for the prediction of long-term accurate

pavement performance. Additionally, the anticipated performance

of SP 5 asphalt mixtures, as compared to SP 4 mixtures will be

evaluated using the Pavement ME software.

The primary objective of the proposed study was to evaluate the

accuracy of Pavement ME to predict the pavement performance

of the SP 5 mixture, and also to determine the necessary Pavement

ME input parameters for Superpave 5 asphalt mixtures.

Additionally, the anticipated performance of Superpave 5 asphalt

mixtures were compared to conventional Superpave mixtures to

better characterize the possible long-term performance enhance-

ments of using Superpave 5 asphalt mixtures.

Findings

Pavement ME simulations have shown that there is a significant

difference between Level 1, Level 2, and Level 3 thermal cracking,

rutting, bottom-up fatigue cracking, and top-down fatigue

cracking. Levels 2 and 3 underestimated the benefits of SP 5 due

to the use of default values calibrated based on SP 4, while Level 1

might capture the benefits of SP 5 using lab test results. Also, SP 4

mixtures indicated greater permanent deformation than SP 5

mixtures due to higher air voids and consolidation effect under

the traffic loading. And SP 5 mixtures showed better resistance

against cracking performance based on the Pavement-ME

simulation results due to higher in-place density and lower

oxidative aging. So, to capture the benefit of SP 5 pavement

design, the Level 1 inputs (lab test results) are recommended for

the Pavement ME.

Implementation

To determine the representative Superpave 5 input parameters

for Pavement ME and evaluate the performance of Superpave 5

mixtures in comparison to conventional Superpave mixtures, the

viscoelastic parameters, cracking, and rutting behavior of asphalt

mixtures designed by both Superpave 5 and the conventional

Superpave design methods were compared at two aging levels,

both short- and long-term. Using Pavement ME, performance

predictions for all the mixtures were conducted and compared

between the mixtures and field performance of the Superpave 5

and the conventional Superpave.

In this study, 5 days aging at 85uC for short-term and 12 days

aging at 85uC for long-term was selected. Laboratory tests were

divided into mixture testing and binder testing. For the mixture

test, dynamic modulus, cyclic fatigue test, and Hamburg Wheel

Tracking Test (HWTT) were conducted. For the binder test,

Dynamic Shear Modulus (DSR), frequency sweep test, and

Fourier Transform Infrared Spectroscopy (FTIR) tests were

conducted. The dynamic modulus test results along with DSR

test results were used as input for Pavement ME simulations.
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1. PROJECT OVERVIEW

1.1 Introduction

Conventional Superpave design requires compaction
of asphalt mixture at 4% air voids in the laboratory and
satisfying all AASHTO M323 limits (AASHTO, 2013).
The mixture is then placed at 7% air voids in the field
with the assumption that it will be compacted to the
design air void content by the traffic (Huber et al., 2019;
Yan et al., 2022). However, many of the mixtures do
not reach the target air void several years into service
(Watson et al., 2005). In this study, the conventional
Superpave mix is denoted as SP 4.

Modification of the Superpave asphalt mixture
design can achieve in-place density which can enhance
asphalt mixture’s durability and pavement life (Had-
dock et al., 2020). To achieve this, the design air void
content is kept at 5% and the modification in aggregate
gradation is performed without lowering the effective
binder content (Ali, 2019; Haddock et al., 2020,
Hekmatfar et al., 2015, Yan et al., 2022). Increasing
the average in-place asphalt mixture densities to 95%
would significantly decrease asphalt binder aging which
could achieve a 12% to 20% increase in pavement
life (Hekmatfar et al., 2015). This special mix, which
was developed by Laboratoire Centrale des Ponts
et Chaussees (LCPC) in France in the 1970s, specifies
the same air void content for both design and con-
struction (Moutier, 1982), and the new mix design is
referred to as Superpave 5 (SP 5).

In July 2013, the first trial section of Superpave 5 in
Indiana was placed as the party of an existing project
(Huber et al., 2019). After successful laboratory testing
of the Superpave 5 asphalt mixture design method, two
controlled field tests (Hekmatfar et al., 2015), and one
full-scale demonstration project (Montoya et al., 2018),
the Indiana Department of Transportation (INDOT)
developed a provisional Superpave 5 specification and
established 12 additional projects based on the provi-
sional specification. These projects were uncontrolled,
meaning that INDOT did not help with the mixture
design or mixture production placement, with the goal
of allowing contractors to use their expertise to meet
the specification and to determine if any additional
adjustments were needed to the Superpave 5 asphalt
mixture design method (Haddock et al., 2020). The
SP 5 mixture was successfully constructed without any
issues. As a result, the Superpave 5 asphalt mixture
design method has become the default asphalt mixture
design method for INDOT.

The stiffness of asphalt materials increases over the
pavement service life as a result of the oxidation pro-
cess. This phenomenon, commonly known as aging,
results in asphalt binder embrittlement and thus a
decrease in asphalt mixture resistance to cracking. One
of the most important benefits of using SP 5 asphalt
mixtures is their ability to slow asphalt binder aging in
asphalt pavements (Huber et al., 2019). The researchers
compared the 5-year binder aging levels and asphalt
mixture cracking and rutting performance of SP 5 and

SP 4 asphalt mixtures constructed in a 2013 trial project
(Huber et al., 2019). Additionally, visual field inspec-
tion revealed the SP 5 asphalt mixture had better
cracking and rutting performance than did the SP 4
asphalt mixture (Huber et al., 2019). In order to relate
asphalt mixture properties to asphalt pavement design,
it is necessary during the pavement design process, to
predict anticipated in-service asphalt pavement perfor-
mance-based laboratory asphalt mixture properties and
expected traffic level and climate conditions.

INDOT uses the AASHTOWare Pavement ME
Design software for pavement design. AASHTO
Pavement ME Design software implements the new
mechanistic-empirical pavement design and analysis
method. Agencies adopting Pavement ME Design
require appropriate input values corresponding to local
material specifications, traffic loading, and environ-
mental conditions. Based on the quality of the input
data, there are three levels (Levels 1 to 3) of local
materials data that can be used in the Pavement ME
program (Esfandiarpour et al., 2013). However, to
ensure good prediction results, the embedded Pavement
ME models must be properly calibrated to account for
INDOT materials. However, the current asphalt aging
prediction model in Pavement ME was developed based
on the conventional Superpave asphalt mixture (SP 4)
design method, which assumes design air voids con-
tent of 4%. In order to successfully use the Superpave 5
asphalt mixture design method with Pavement ME,
updated asphalt aging prediction models must be deter-
mined for both Levels 1 and 2 Pavement ME designs.

In order to successfully use the SP 5 asphalt mixture
design method with Pavement ME, the input level
along with input parameters play a significant role. So,
it is necessary to determine the pavement performance
using the three different input levels (Levels 1, 2, and 3)
and different aging conditions and to recommend the
necessary Pavement ME input parameters for SP 5
asphalt mixtures for the prediction of accurate pave-
ment performance in the long term. Additionally, the
anticipated performance of SP 5 asphalt mixtures, as
compared to SP 4 mixtures will be evaluated using the
Pavement ME software.

The findings of this research will provide guidance to
INDOT by modifying the Pavement ME aging predic-
tion model for Superpave 5-designed mixtures, resulting
in a more accurate asphalt pavement performance
predictions during the pavement design process. It is
anticipated that incorporating the lower aging levels
resulting from the use of Superpave 5-designed
mixtures in the pavement design process will result in
longer predicted asphalt pavement service lives and a
cost-effective benefit for INDOT.

1.2 Objectives

The primary objective of the proposed study is to
evaluate the accuracy of Pavement ME to predict the
pavement performance of the SP 5 mixture. Also, to deter-
mine the necessary Pavement ME input parameters for

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/06 1



Superpave 5 asphalt mixtures. Additionally, the antici-
pated performance of Superpave 5 asphalt mixtures, as
compared to conventional Superpave mixtures will be
evaluated using the software, to better characterize the
possible long-term performance enhancements of using
Superpave 5 asphalt mixtures.

2. LITERATURE REVIEW AND SENSITIVITY
ANALYSIS

2.1 Benefits of Superpave 5 Mixture

The stiffness of asphalt materials increases over the
pavement service life as a result of the oxidation pro-
cess. This phenomenon, commonly known as aging,
results in asphalt binder embrittlement and thus a
decrease in asphalt mixture resistance to cracking. One
of the most important benefits of using Superpave 5-
designed asphalt mixtures is their ability to slow asphalt
binder aging in asphalt pavements. This benefit was
demonstrated by Huber et al. (2019). Their study
compared the 5-year binder aging levels and asphalt
mixture cracking and rutting performance of Superpave
5, and conventional Superpave asphalt mixtures con-
structed in a 2013 trial project. The binder performance
grades of extracted and recovered binders from the two
test sections showed lower binder aging in the
Superpave 5 asphalt mixtures. Additionally, visual field
inspection revealed the Superpave 5 asphalt mixture
had better cracking and rutting performance than did
the conventional Superpave asphalt mixture.

2.2 Limitations of Pavement ME for Aging Model of
Superpave 5 Mixture

In order to relate asphalt mixture properties to
asphalt pavement design, it is necessary during the
pavement design process, to predict anticipated in-
service asphalt pavement performance-based laboratory
asphalt mixture properties and expected traffic level
and climate conditions. INDOT does this using the
AASHTOWare Pavement ME Design software. How-
ever, to ensure good prediction results, the embedded
Pavement ME models must be properly calibrated to
account for INDOT materials. However, the current
asphalt aging prediction model in Pavement ME was

developed based on the conventional Superpave asphalt
mixture (SP 4) design method, which assumes an in-
place air void content of 7%. However, the Global
Aging Model (GAS model) may not be properly
calibrated for air voids lower than 6%. Also, the GAS
model does not accurately capture the effects of air
voids on the aging. So, the long-term pavement perfor-
mance of the SP 5 mixture cannot be determined by
using the current aging model of Pavement ME. The
viscoelastic parameters (dynamic modulus and phase
angle) are the most important factors in the current
aging prediction model. In order to successfully use the
Superpave 5 asphalt mixture design method with
Pavement ME, updated asphalt aging prediction models
must be determined for both Levels 1 and 2 Pavement
ME designs.

2.3 Research Approach and Finalize Test Plan

To fulfill the main study objective of determining the
representative Superpave 5 input parameters for
Pavement ME and additionally evaluate the perfor-
mance of Superpave 5 mixtures in comparison to
conventional Superpave mixtures, the viscoelastic
parameters, cracking, and rutting behavior of asphalt
mixtures designed by both Superpave 5, and the
conventional Superpave design methods will be com-
pared at two aging level, short- and long-term. Using
Pavement ME, performance predictions for all the
mixtures will be conducted and compared, both
between the Superpave 5 and conventional Superpave
mixtures, as well as with the field performance.

In this study, 5 days aging at 85uC for short-term and
12 days aging at 85uC for long-term was selected.
Laboratory tests are divided into mixture testing and
binder testing. For the mixture test, dynamic modulus,
cyclic fatigue test, and Hamburg Wheel Tracking Test
(HWTT) were conducted and for the binder test,
Dynamic Shear Modulus (DSR), frequency sweep test,
and Fourier Transform Infrared Spectroscopy (FTIR)
test were conducted. The dynamic modulus test results
along with DSR test results were used as input for
Pavement ME simulations. The flow chart in Figure 2.1
shows the details of the laboratory tests that were
conducted in this study.

Figure 2.1 Laboratory test plan.
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3. SAMPLE PREPARATION AND LABORATORY
CONDITIONING

3.1 Sample Collection

3.1.1 Plant Mix SP 5 Sample

The SP 5 mixtures were collected from three plants
operated by different contractors: Milestone (MS),
Rieth Riley (RR), and E&B (EB). Four different
mixture types and three distinct Performance Grades
(PG) were considered for this project, aligning with
typical pavement design practices in Indiana. A total of
eleven mixtures were gathered for laboratory testing.
Table 3.1 illustrates the volumetric properties and mix
design information of the collected SP 5 mixtures.

The conventional SP 4 mixtures were also collected.
Two mixture types, both having the same PG 64-22,
were chosen for a comparative study with SP 5
mixtures. Table 3.2 presents the mix design information
for the collected SP 4 mixtures.

3.1.2 Field Core Sample

Field cores were also collected from three distinct
SP 5 projects. Table 3.3 presents information on the
selected projects, all of which were constructed in 2018.
The mix for US 231 utilized a PG 70-22 binder, while
the mixes for US 30 and US 31 employed a PG 76-22
binder. Ten cores were sampled from each project.
These collected cores underwent both binder testing
and mixture performance testing. Subsequently, the test

results were compared with those of specimens pre-
pared at various aging levels in the laboratory.

3.2 Aging Process of the Collected Sample

3.2.1 Selection of Mix Types for Aging Effect Study

The most significant benefit of the SP 5 mix is its
ability to decelerate the initial aging of the pavement by
increasing in-place density. The in-place air voids of the
conventional SP 4 mix are 7%, whereas, for SP 5, it is
reduced to 5%. This difference in air voids between the
two mixtures can influence pavement aging. To assess
the difference in aging effects between SP 5 and SP 4
and to validate the aging effect of SP 5 in Pavement-
ME, two mixtures each for SP 5 and SP 4 were chosen.
Two mixtures of SP 4 in Table 3.2 and MS1 and RR1 in
Table 3.1 which match two SP 4 mixes were selected.
EB4 (PG76-22) was also selected to evaluate the aging
effect according to binder grades.

3.2.2 Aging Process

Mixture conditioning in the laboratory is conducted
to simulate field conditions and provide a more
accurate prediction of the properties and performance
of Hot Mix Asphalt (HMA). According to Zhang et al.
(2020), 5 days of aging in the laboratory can simulate
approximately 8 years of field aging, and 12 days of
aging can simulate around 20 years of field aging.
Consequently, three aging levels—unaged, 5 days of

TABLE 3.1
Mix design information of collected SP 5 mixtures

Mix ID NMAS (mm) PG Pb Pbe % RAP (ABR) Ndes VMA VFA TSR

MS1

MS4

EB1

EB4

9.5 64-22

70-22

70-22

76-22

6.4

6.3

6.7

6.7

4.9

5.1

5.2

5.2

23.2

23.6

18.5

18.5

30

50

50

50

16.5

17.2

16.8

16.8

69.7

70.9

70.2

70.2

94.5

89.2

85.0

85.0

MS5

RR1

MS6

12.5 64-22

64-22

76-22

6.3

5.8

6.5

4.7

4.6

5.0

21.9

21.1

22.7

30

30

50

16.0

15.7

16.8

68.8

68.2

70.2

87.9

89.5

85.7

MS2

MS3

19 64-22

70-22

5.1

5.1

4.0

4.0

23.8

23.8

50

50

14.7

14.7

66.0

66.0

98.6

98.6

EB2

EB3

25 64-22

70-22

4.5

4.7

3.9

4.1

22.0

20.9

50

30

14.0

14.4

64.3

65.3

85.0

83.1

TABLE 3.2
Mix design information of collected SP 4 mixtures

Mix ID NMAS (mm) PG Pb Pbe % RAP (ABR) Ndes VMA VFA TSR

SP 4-9.5 9.5 64-22 6.1 4.9 22.5 75 15.6 74.4 92.7

SP 4-12.5 12.5 64-22 6.0 4.6 20.7 100 14.7 72.8 96.0
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TABLE 3.3
Information on selected projects for field cores

Road PG Construction

US 231

US 30

US 31

70-22

76-22

76-22

June 27 to September 17, 2018

September 4 to December 2, 2018

June 6 to July 19, 2018
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Figure 3.1 Wire mesh holder preventing the collapse of the
samples during aging.

aging, and 12 days of aging were established to assess
the aging effect of SP 5 and SP 4 in this study. Samples
selected for testing were fabricated and subsequently
subjected to aging at 85uC for 5 days and 12 days,
respectively, following AASHTO R 30 guidelines. To
prevent the collapse of the sample due to heating, a wire
mesh holder was used (Valentová et al., 2016). Figure
3.1 shows the wire mesh holder that was used in this
study.

3.3 Sample Preparation of Mixture Testing

Specimens for all mixture tests were produced to
achieve 7% air voids for SP 4 mixtures and 5% air voids
for SP 5 mixtures, determined through an air void study
for each mixture. The determination of air voids took
into account the in-place density specifications of each
mixture.

3.3.1 Sample Preparation for Dynamic Modulus Test
and Fatigue Test

To conduct dynamic modulus and fatigue tests for
assessing the aging effect of SP 5 and SP 4 mixtures and
to generate material input for Pavement-ME, specimens
were fabricated. Cylindrical specimens with dimensions
of 38 mm in diameter and 110 mm in height were
produced following AASHTO PP 99 guidelines. As
depicted in Figure 3.2, four uncut samples, each with a
diameter of 38 mm, were extracted from a gyratory pill
measuring 150 mm in diameter and 180 mm in height,
using a core machine. Subsequently, these samples were
sawed to a height of 110 mm.

3.3.2 Sample Preparation for HWTT

Hamburg Wheel Track Testing (HWTT) specimens
were prepared to evaluate the rutting performance
difference between SP 5 and SP 4 based on aging
effects. Two specimens were extracted from a gyratory
pill. The top and bottom sides of a pill with a height of
180 mm were removed, and two test specimens with a
height of 50 mm were taken from the middle to obtain
samples with evenly distributed air voids. As illustrated
in Figure 3.3, one end was cut to ensure that the two
specimens fit together.

3.4 Sample Preparation for Binder Testing

3.4.1 Binder Extraction and Recovery

The extraction procedure was done per the ASTM
D2172 specification (ASTM, 2011). In this method, the
sample was loosened by using an oven at 110uC ¡ 5uC.
Then 2,000 grams of loose asphalt mix was placed in
the extraction bowl (see Figure 3.4). A sufficient
amount of N-propyl bromide (nPB) was poured into
the bowl to fill it up and then allowed for sufficient time
(around 1 hour) to dissolve the asphalt binder into the
nPB solution. Afterward, the bowl was placed into
the extractor. A glass beaker was placed to receive the
extracted binder solution. After securing the chamber
cover, the extractor started to rotate. The rotation
speed was increased slowly up to 3,000 rpm. The device
was kept running until the extract ceased its flow from
the ejection pipe. Around 2–3 washes were conducted
using nPB to collect all the binders. Then the extracted
sample was allowed to rest for about 15 minutes to
settle the fine particles, and then carefully transferred to
a flask for recovery.

A rotavapor was used to recover the asphalt binder
from the previously extracted nPB solution (Figure
3.5). The recovery procedure was performed per the
ASTM D5404 specification (2012). In this method, the
rotavapor was used to evaporate nPB from the solution
and subsequently cooled it down to liquid form using a
condenser, leaving the asphalt binder in the original
flask. At first, the flask was fitted appropriately, and
the oil bath was heated at a temperature of 140 ¡ 3uC.
The coolant was then run through the condenser while
the flask was set to rotate at approximately 40 rpm.
A vacuum pressure of 5.3 ¡ 0.7 kPa below the atmos-
pheric pressure was applied to the flask, and nitrogen
gas was supplied to the flask at a rate of approximately
500 mL/min. At these conditions, controlled evapora-
tion of about 100 mL/min was maintained. Once the
bulk amount of nPB is removed, the high-speed
centrifuge is used to remove the fine particles. Then,
the vacuum pressure slowly increased up to 80.0 ¡ 0.7
kPa below the atmospheric pressure, and the nitrogen
supply was adjusted to approximately 600 mL/min with
a rotation speed of 45 rpm. The vacuum pressure was
adjusted if any foaming or bubble formation was
noticed in the flask. After the formation of the last



Figure 3.2 Testing specimen fabrication process.

Figure 3.3 HWTT specimen fabrication.

Figure 3.4 Extraction of asphalt binders using a centrifuge extractor.
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Figure 3.5 Asphalt binder recovery using rotavapor.

TABLE 4.1
Dynamic modulus and fatigue test specimen air void contents

Mix Aging

Air Voids (%)

Average1 2 3 4

SP 4-9.5 Unaged

5 days

12 days

6.91

6.99

6.90

7.03

6.92

7.13

6.92

7.16

6.91

7.19

6.83

6.95

7.01

6.98

6.97

SP 4-12.5 Unaged

5 days

12 days

7.41

6.79

7.17

7.01

7.20

7.28

6.95

6.65

6.66

6.98

7.00

6.92

7.09

6.91

7.01

MS1 Unaged

5 days

12 days

5.29

5.03

4.75

5.26

4.77

4.81

4.73

5.07

5.02

4.61

4.76

5.05

4.97

4.91

4.91

RR1 Unaged

5 days

12 days

5.26

5.24

4.94

4.74

4.70

5.29

4.84

5.01

4.80

–

–

–

4.95

4.98

5.01

EB4 Unaged

5 days

12 days

4.90

5.11

5.10

4.90

5.04

5.26

4.79

5.25

4.94

5.07

4.71

5.28

4.92

5.03

5.15
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bubble, the setup was run for 10 minutes. After 10
minutes, the rotation of the flask was stopped slowly;
the flask was removed and placed upside down in an
appropriate-sized container to transfer the binder to the
container. The flask-container setup was kept in an
oven at a temperature of 130uC for a quick transfer of
asphalt binder to the container.

4. LABORATORY TESTING

4.1 Asphalt Mixture Testing

4.1.1 Dynamic Modulus Test

Dynamic modulus is a crucial parameter for
evaluating the performance of asphalt mixtures and is
integral to flexible pavement design using the Mecha-
nistic-Empirical Pavement Design Guide (MEPDG). In
this study, the dynamic modulus test was chosen to
assess the performance difference between SP 5 and SP
4 due to aging effects, as part of the mixture perfor-
mance test. The results of the dynamic modulus test will
also be employed to adjust the input parameters for the
SP 5 mix in MEPDG pavement design.

For each mixture and aging level, four replicates
were prepared for dynamic modulus and cyclic fatigue
tests. SP 5 specimens were crafted with 5¡0.5% air
voids, while SP 4 specimens were made with 7¡0.5%

air voids. The air voids of each specimen for dynamic
modulus and fatigue tests are detailed in Table 4.1.

Tests were conducted at three different temperatures
(4uC, 20uC, and 40uC) and three distinct frequencies
(0.1 Hz, 1.0 Hz, and 10 Hz) using the Asphalt Mixture Per-
formance Tester (AMPT) in accordance with AASHTO
TP 132. The test results are presented in Table 4.2.

The dynamic moduli at various temperatures
obtained from the Asphalt Mixture Performance
Tester (AMPT) test results were fitted to a master
curve using FlexMAT for cracking, an Excel-based
analysis tool for characterizing dynamic modulus and
cracking of asphalt mixtures. Figure 4.1 displays the
master curves for SP 4-9.5 and MS1 with the NMAS of
9.5 mm at different aging levels. As anticipated, the
dynamic moduli of both mixtures increased with aging,
confirming that the stiffness of the asphalt binder height-
ened as oxidation progressed. However, as depicted
in Figure 4.1, a distinct difference in the modulus
increment with aging between the two mixtures was

evident. This discrepancy can be attributed to differences
in the degree of aging resulting from differences in air
voids between the two mixtures.

To examine more quantitative differences, as
depicted in Figure 4.2, the dynamic modulus of SP 4-
9.5 and MS1 at a temperature of 40uC and a frequency
of 0.1 Hz was compared. This specific temperature and
frequency were chosen as the effects of aging are most
pronounced under high temperatures and low frequen-
cies. The modulus of SP 4-9.5 after 5 days of aging was
591.4 kPa, reflecting an increase of approximately
183.0% compared to 323.2 kPa in the unaged condi-
tion. Following 12 days of aging, the modulus further
increased to 788.9 kPa, marking a final increment of
about 244.1% compared to the unaged modulus.

Conversely, MS1 exhibited a modulus increase of
about 141.4% from 349.7 kPa to 491.8 kPa after 5 days
of aging. After 12 days of aging, the modulus
experienced a further rise of 204.8%, reaching 712.3
kPa compared to the unaged modulus. The dynamic
modulus test results indicate that SP 5, due to smaller
air voids exhibits a slower increase in stiffness due to
aging compared to SP 4, thereby providing the
advantage of enhanced cracking resistance.



TABLE 4.2
Dynamic modulus test results

Mix

Aging

Level

Temperature

(uC)

Frequency

0.1 Hz 1 Hz 10 Hz

SP 4-9.5 UA

5D

12D

4

20

40

4

20

40

4

20

40

8,735.6

2,444.0

323.2

10,870.5

3,514.4

5,91.4

11,710.8

4,351.0

788.9

11,899.1

4,587.6

806.9

13,968.0

5,957.9

1,290.3

14,580.0

6,873.5

1,609.3

1,5142.1

7,368.7

1,844.2

16,974.1

8,905.6

2,603.8

17,331.4

9,737.7

3,041.6

SP 4-12.5 UA

5D

12D

4

20

40

4

20

40

4

20

40

8,587.1

2,578.1

450.4

9,701.3

3,147.1

565.5

10,787.0

3,895.8

756.6

11,613.0

4,619.9

972.0

12,719.9

5,368.5

1,192.7

13,640.5

6,217.7

1,513.4

14,556.2

7,316.9

1,991.1

15,661.8

8,144.3

2,361.2

16,408.4

8,947.0

2,824.4

MS1 UA

5D

12D

4

20

40

4

20

40

4

20

40

10,169.6

2,946.0

347.9

11,452.9

3,725.0

491.8

12,708.9

4,729.0

712.3

13,650.9

5,569.5

911.4

14,784.3

6,596.8

1,212.8

15,899.0

7,653.4

1,638.5

17,099.9

8,839.5

2,166.4

17,982.9

9,940.7

2,707.2

19,000.0

10,866.2

3,361.5

RR1 UA

5D

12D

4

20

40

4

20

40

4

20

40

8,184.6

1,917.7

222.0

9,655.3

2,580.6

334.2

10,670.2

3,290.4

482.6

11,877.5

4,023.3

594.9

13,173.4

4,980.1

842.7

14,008.7

5,829.7

1,137.3

15,659.4

7,092.3

1,486.1

16,649.2

8,152.2

1,963.6

17,297.1

8,947.7

2,450.9

EB4 UA

5D

12D

4

20

40

4

20

40

4

20

40

10,509.5

3,263.8

509.3

11,327.6

3,987.8

678.4

11,918.6

4,661.6

861.8

13,895.5

5,858.0

1,141.7

14,542.4

6,729.6

1,463.2

15,055.6

7,481.7

1,768.3

17,057.3

9,126.0

2,413.7

17,539.1

9,961.0

2,940.9

17,976.1

10,682.7

3,376.7
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The master curves of two mixtures, SP 4-12.5 and
RR1 with a Nominal Maximum Aggregate Size
(NMAS) of 12.5 mm, were also compared, as illustrated

in Figure 4.3. The dynamic moduli of both mix-
tures increased with aging. However, unlike the cases of
SP 4-9.5 and MS1, RR1 exhibited a slightly larger
increase in modulus than SP 4-12.5 due to aging,
despite having smaller air voids. Moreover, even
though the two mixtures shared the same NMAS of
12.5 mm and the same Performance Grade (PG) of 64-
22, the overall modulus of SP 4-12.5 was significantly
higher than that of RR1. This result differed from
expectations, as the benefits of SP 5 were not evident
at all.

To investigate the cause of this discrepancy, the
research team compared the moduli of unaged speci-
mens for all mixtures. EB4 is a mixture using PG 76-22
which is a modified asphalt binder, while all other
mixtures use PG 64-22 binder. However, Figure 4.4
reveals an unexpected trend. The results presented in
Figure 4.4 represent the modulus master curves of
unaged specimens, excluding the effects of aging. The
curves of SP 4-9.5, MS1, and RR1 are closely aligned.
However, the curve of SP 4-12.5 deviated significantly
from the same PG 64-22 group and closely resembled
the curve of PG 76-22. This suggests that the binder of
SP 4-12.5 had a higher viscosity than PG 64-22. This
trend is also evident in the binder test results discussed
in Section 4.2. Therefore, the test results of SP 4-12.5
were excluded from this study since it is not comparable
with RR1 due to different PGs.

As depicted in Figure 4.5, the modulus master curves
of two SP 5 mixtures, MS1 with PG 64-22 and EB4
with PG 76-22, were compared to observe the effect of
aging based on the binder type. As anticipated, EB4
with PG 76-22, a modified asphalt binder, exhibited
a higher modulus than MS1 with PG 64-22. The
distinction in aging effect between the two mixes,
attributable to the difference in the Performance Grade
(PG) of the binder, is evident in Figure 4.6.

Figure 4.6 illustrates the increase in modulus for
MS1 and EB4 due to aging at a temperature of 40uC
and a frequency of 0.1 Hz. In the case of MS1, the
modulus increased to 491.8 kPa and 712.3 kPa after
5 days and 12 days of aging, respectively. Relative to
the unaged modulus, the increase rates were 141.4%

and 204.8%, respectively. Conversely, the 5-day aging
modulus of EB4 was 678.4 kPa, marking an increase
of 133.2% compared to the unaged modulus of
509.3 kPa. The modulus after 12 days of aging was
861.8 kPa, reflecting an increase of 169.2%. This
represents a significantly lower rate of increase than
that observed in MS1 due to aging, highlighting that
the mixture with a high-viscosity modified asphalt is
less sensitive to aging than the mixture with a general
asphalt binder.



Figure 4.1 Dynamic modulus master curves of SP 4-9.5 and MS1 at different aging levels.

Figure 4.2 Dynamic modulus of SP 4-9.5 and MS1 at a temperature of 40uC and a frequency of 0.1 Hz.
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4.1.2 HWTT

The HWTT is perhaps the most widely used
laboratory test method for evaluating asphalt mixture
rut resistance. The standard test procedure is AASHTO
T324-19, Hamburg Wheel-Track Testing of Compacted
Asphalt Mixtures. Compacted slab specimens or two
cylindrical specimens are placed in the machine,
submerged in a heated water bath, and tested in
accordance with the method as shown in Figure 4.7.
The HWTT is a destructive test method that measures
the rut depths of compacted asphalt specimens that are
subjected to continuous loading imposed by a 47 mm
wide, 705 N steel wheel for 20,000 passes. The recorded

rut depth provides a direct indication of a mixture’s
rutting resistance and the stripping inflection point.

HWTT was performed on only one mixture each for
SP 5 (MS1) and SP 4 (SP 4-9.5) to evaluate differences
in rutting performance due to aging effects. For
HWTT, two replicates were prepared for each mixture
and aging level. Table 4.3 shows the air voids of each
specimen for HWTT. SP 4 specimens were prepared
with 7¡0.5% air voids, and SP 5 specimens were
prepared with 5¡0.5% air voids.

Figure 4.8 illustrates the progression of rut depth for
the two mixtures at different aging levels as the number
of wheel passes progresses. At all aging levels, the rut
depth of SP 4 was greater than that of SP 5. This is



Figure 4.3 Dynamic modulus master curves of SP 4-12.5 and RR1 at different aging levels.
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Figure 4.4 Dynamic modulus master curves of unaged specimens for all mixtures.

attributed to the higher air voids of SP 4, indicating
lower rutting resistance. Additionally, both mixtures
exhibited a tendency for decreasing rut depth as
stiffness increased with aging progression.

Figure 4.9 presents the rut depths of SP 4 and SP 5,
along with the rut depth difference between the two
mixtures after 20,000 passes. In the unaged condition
after 2,000 passes, the rut depths were 3.96 mm and
2.89 mm for SP 4 and SP 5, respectively, with a
difference of 1.07 mm. After 5 days of aging, the rut
depths were 3.38 mm and 2.58 mm, respectively, and
the difference decreased to 0.8 mm. After 12 days of
aging, the difference in rut depth between the two mix-
tures further decreased to 0.13 mm, indicating almost
similar rut depths. This result highlights increased
resistance to rutting in SP 4 compared to SP 5 as SP 4

undergoes more aging due to its higher air voids, lead-
ing to a significant increase in stiffness compared to
SP 5.

4.1.3 Cyclic Fatigue Test

Fatigue cracking is one of the main distress types of
asphalt pavement, and as the asphalt mix ages, the
binder becomes stiffer, significantly affecting the
cracking of asphalt mixtures by reducing the relaxation
capability (Zhang et al., 2020). Therefore, the degree of
aging can be determined through a cracking test. Thus,
a cyclic fatigue test was performed to evaluate the differ-
ence in aging between SP 4 and SP 5. In this study, the
specimens used in the dynamic modulus test were reused
in the fatigue test. Fatigue testing was performed at a



Figure 4.5 Dynamic modulus master curves of MS1 and EB4.

Figure 4.6 Dynamic modulus of MS1 and EB4 at a temperature of 40uC and at a frequency of 0.1 Hz.

Figure 4.7 INDOT HWTT set up.
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TABLE 4.3
Air voids of each specimen for HWTT

Mix Aging Replicate AV Mix Aging Replicate AV

SP 4-9.5 Unaged

5 days

12 days

1

2

1

2

1

2

7.07

7.04

6.87

7.16

7.07

6.82

MS1 Unaged

5 days

12 days

1

2

1

2

1

2

5.09

5.10

5.05

4.97

5.09

4.96
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Figure 4.8 Rut depth progression of SP 5 and SP 4 at different aging levels.

Figure 4.9 Rut depth after 20,000 passes.



temperature of 18uC for PG 64-22 and 21uC for PG 76-
22, and a frequency of 10 Hz using AMPT in accor-
dance with AASHTO TP 133. Table 4.4 shows the
summary of fatigue test results.

The DR is the fatigue failure criterion developed by
North Carolina State University (NCSU). It is used to
predict material failure in the simplified viscoelastic
continuum damage (S-VECD) model and is based on
the observation that the average reduction in pseudo
stiffness up to failure is independent of the mode of
loading, temperature, and load amplitude (Wang &
Kim, 2017). Criterion DR is defined by the slope of the
linear relationship between the sum of (12C) to failure
and the number of cycles to failure (Nf). Good trends
were observed for DR according to aging. The DR value
of both SP 4-9.5 and MS1 decreased as they aged. After
12 days of aging, the DR of SP 4-9.5 decreased by about
11.7%, the DR of MS1 decreased by about 12.0%, and
the two mixtures showed similar reduction rates. The
DR value alone cannot be used to compare the fatigue
resistance of different asphalt mixtures because it

measures toughness without consideration of the
modulus (Etheridge et al., 2019).

The cyclic fatigue index parameter, Sapp, was devel-
oped by NCSU to represent fatigue cracking resistance
in a single parameter. It is based on concepts of the
S-VECD model. Sapp accounts for the effects of a
material’s modulus and toughness on its fatigue
resistance and is a measure of the amount of fatigue
damage the material can tolerate under loading. Higher
Sapp values indicate better fatigue resistance of the
mixture. Test results showed good trends for Sapp. In
both mixtures, Sapp values tended to decrease with
aging indicating a decrease in cracking resistance due to
aging. In the case of the rate of decrease in Sapp value
due to aging, SP 4-9.5 decreased by about 30.6%

compared to unaged after 12 days of aging, while MS1
showed a decrease rate of only about 15.8%, which is
approximately half of the decrease rate of SP 4-9.5.
Therefore, it can be seen that SP 4-9.5, which has higher
air voids, has a greater decrease in cracking resis-
tance compared to MS1 due to a greater aging effect.

TABLE 4.4
Summary of fatigue test results

Specimen ID

Fingerprint |E*|

(MPa) DMR Nf

log

(Nf)

Cum.

(1-C) DR

Input Strain

(m) Sapp

SP 4-9.5 UA-1

UA-2

UA-3

UAave

5D-1

5D-2

5D-3

5Dave

12D-1

12D-2

12D-3

12Dave

8,656

8,477

8,624

N/A

9,271

8,948

9,796

N/A

10,192

10,399

9,669

N/A

1.06

1.04

1.06

N/A

0.96

0.92

1.01

N/A

0.97

0.99

0.92

N/A

11,750

13,700

23,090

N/A

6,470

20,320

6,840

N/A

22,330

17,030

10,660

N/A

4.07

4.14

4.36

N/A

3.81

4.31

3.84

N/A

4.35

4.23

4.03

N/A

6,680

8,365

13,626

N/A

3,506

10,925

3,725

N/A

11,631

9,156

5,371

N/A

0.569

0.611

0.590

0.590

0.542

0.538

0.545

0.541

0.521

0.538

0.504

0.521

350

350

350

N/A

320

300

300

N/A

260

280

280

N/A

26.37

29.98

30.30

28.88

21.52

21.12

21.00

21.21

20.12

21.96

18.08

20.05

MS1 UA-1

UA-2

UAave

5D-1

5D-2

5D-3

5Dave

12D-1

12D-2

12D-3

12Dave

10,818

9,814

N/A

11,085

11,605

11,002

N/A

11,509

11,527

12,072

N/A

1.12

1.02

N/A

1.03

1.08

1.02

N/A

1.04

1.04

1.09

N/A

2,780

53,570

N/A

12,000

35,580

27,970

N/A

7,110

14,990

93,090

N/A

3.44

4.73

N/A

4.08

4.55

4.45

N/A

3.85

4.18

4.97

N/A

1,430

23,823

N/A

5,692

15,136

12,271

N/A

3,208

6,502

33,244

N/A

0.515

0.445

0.480

0.474

0.425

0.439

0.446

0.451

0.434

0.357

0.422

400

270

N/A

300

250

270

N/A

280

250

220

N/A

27.92

21.60

24.76

23.62

19.29

20.50

21.14

22.95

21.36

17.91

20.84

EB4 UA-1

UA-2

UA-3

UAave

5D-1

5D-2

5D-3

5Dave

12D-1

12D-2

12Dave

8,163

8,561

8,595

N/A

9,584

8,894

8,868

N/A

10,507

9,382

N/A

0.94

0.98

0.99

N/A

1.01

0.93

0.94

N/A

1.03

0.92

N/A

53,300

17,920

15,490

N/A

88,000

21,990

6,710

N/A

4,510

21,490

N/A

4.73

4.25

4.19

N/A

4.94

4.34

3.83

N/A

3.65

4.33

N/A

32,033

11,525

10,162

N/A

55,207

12,739

3,829

N/A

2,583

11,986

N/A

0.601

0.643

0.656

0.633

0.627

0.579

0.571

0.592

0.573

0.558

0.565

350

400

450

N/A

320

360

420

N/A

400

360

N/A

32.81

37.80

45.35

38.65

40.52

30.29

30.71

33.84

33.90

28.12

31.01
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When comparing MS1 and EB4, which are the same SP
5 mixtures with different binders, the rate of decrease in
Sapp value due to aging was 15.8% and 19.8%, respec-
tively, showing no significant difference. However, the
numerical value of Sapp between the two mixtures is
significantly different. This confirmed that the PG
76-22 binder showed significantly better cracking
performance than the PG 64-22 binder.

4.2 Asphalt Binder Testing

4.2.1 Dynamic Shear Modulus Test

The DSR test is performed to measure the complex
shear modulus (G*) and phase angle (d) at different
temperatures to characterize the viscous and elastic
behavior of the asphalt binder. The G* is the measure
of the total resistance of the binder to deformation and
the � is the measure of the elasticity of the binder
(Hossain et al., 2020). The lower values of � indicate
that the binder is more elastic, whereas a higher value
indicates a viscous binder. In this research, an Anton

Paar MCR 302 DSR machine was used. For the DSR
test, a thin binder sample with a diameter of 25 mm is
sandwiched between two circular plates. The lower
plate is fixed, and the upper plate oscillates back and
forth and creates a shearing action. The test frequency
is 10 radians per second (1.59 Hz) as per AASHTO T
315 (2010). The test is performed according to AASHTO
T 315 in different aging conditions of the binders.

In this study, DSR tests were conducted at several
temperatures. Figures 4.10 and 4.11 showed the G*
results at different temperatures at three aging levels.
G* results showed an increasing trend due to aging. As
the asphalt binders became stiffer because of long-term
aging, the G* results showed higher values in 5-day and
12-day aging conditions (Bagchi et al., 2021; Zhang
et al., 2018). The G* values at different temperatures
and the phase angle are the inputs for the Pavement
ME simulation. Figure 4.10 shows the G* values at
different temperatures of MS1 (64-22-9.5) and RR1
(64-22-12.5). MS1 showed higher G* values than the
RR1 though the PG grade is the same. The reason is the
binder replacement percent is higher for MS1.

Figure 4.10 G* values of MS1 and RR1 at different aging levels.
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Figure 4.11 G* values of MS4 and EB4 at different aging levels.



Figure 4.11 shows the G* values at different tem-
peratures of MS4 (70-22-9.5) and EB4 (76-22-9.5). MS4
showed higher G* values than the EB4 though EB4 has
a higher PG grade. The reason is the binder replace-
ment percent for EB4 is only 18.5% whereas the binder
replacement of MS4 is 23.6%. In unaged conditions,
MS4 shows a higher G* value than EB4, and after
aging, the MS4 shows a higher trend as well.

In this study, two SP 4 samples were tested for DSR,
and the G* values were compared with SP 5 samples.
Both SP 4 and SP 5 have the same PG (i.e., PG 64-22)
with a different NMASs of 9.5 mm and 12.5 mm,
respectively. Figure 4.12 shows the G* comparison
between SP 4 and SP 5 with NMAS 9.5. It is evident
that the SP 4 shows higher G* due to aging than the
SP 5 sample. For SP 5, the increment from unaged to

5 days is 38% whereas the increment for SP 4 is 40%. In
addition, for SP 5, the increment from 5 days to 12 days
is 42% whereas the increment for SP 4 is 65%. Figure
4.13 shows the G* comparison between SP 4 and SP 5
with NMAS 12.5. It is found that the SP 4 shows higher
G* due to aging than the SP 5 sample. Figure 4.13
shows that for SP 5, the increment from unaged to 5
days is 57% whereas the increment for SP 4 is 60%. In
addition, for SP 5, the increment from 5 days to 12 days
is 53% whereas the increment for SP 4 is 65%. From
this analysis, it is evident that the SP 4 sample has
undergone more aging than the SP 5 sample in the same
aging condition. The main reason is the higher air void
percentage in SP 4 which leads to more oxidative aging.

Figure 4.14 shows the G* results of the collected
three field core samples. All three routes were constructed

Figure 4.12 G* comparison between SP 5 (64-22-9.5) and SP 4 (64-22-9.5).

Figure 4.13 G* comparison between SP 5 (64-22-12.5) and SP 4 (64-22-12.5).
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Figure 4.14 G* results of the field core samples.
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in 2018 and SP 5 mixtures were used for these sections.
The original PG grade of US 231 was PG 70-22 and for
US 31 and US 30, PG 76-22 was used. Though US 31
was constructed with PG 76-22, the G* results showed
lower values than US 231 which was PG 70-22. From
the Job Mix Formula (JMF) it was found that the
binder replacement for US 31 is lower (22.7%) than for
US 231 (24.3%). In addition, the field condition,
climatic condition, and traffic volume have a signifi-
cant impact on the field aging.

Also, the field aging was compared with lab aging.
All the field cores are 4 years of age in the field. Here,
the 5 days and 12 days of aging are conducted in the
laboratory at 85uC. Previous research shows that 5-day
lab aging at 85uC simulates approximately 7 years of
field aging (Kim et al., 2021). Figure 4.15 shows that all
4 years of field aging are in between the unaged and
5 days of lab aging which is expected.

4.2.2 Frequency Sweep Test

The frequency sweep test was conducted in three
different temperatures such as 10uC, 30uC, and 50uC at
the frequency range of 0.1–25 Hz. G* master curve was
prepared for both SP 5 and SP 4 extracted binder.
Figure 4.16 shows the comparison of the G* master
curve of SP 5 (64-22-9.5) vs. SP 4 (64-22-9.5). It is found
that, in unaged conditions, the SP 5 and SP 4 curves
show similar values. However, after aging the values are
increasing and the SP 4 values are much higher than the
SP 5.

Figure 4.17 shows the comparison of the G* master
curve of SP 5 (64-22-12.5) vs. SP 4 (64-22-12.5).
Similarly, it is found that after aging the values are
increasing and the SP 4 values are much higher than the
SP 5. Also, the increment rate is higher for SP 4 samples
than the SP 5. These results also show a similar trend to
the DSR test results.

Figure 4.18 shows the G* master curve of MS4 (PG
70-22) and EB4 (PG 76-22). It was found that MS4

shows higher G* values than EB4 though the PG grade
is lower. The reason is the binder replacement percent
for EB4 is only 18.5% whereas the binder replacement
of MS4 is 23.6%. DSR test results also showed a similar
trend for MS4 and EB4 comparison.

Figure 4.19 shows the G* master curve of field core
samples. The original PG grade of US 231 was PG 70-
22 and for US 31 and US 30, PG 76-22 was used.
Though US 31 was constructed with PG 76-22, the G*
results showed lower values than US 231 which was PG
70-22. From the JMF it was found that the binder
replacement for US 31 is lower (22.7%) than US 231
(24.3%). DSR test results of field cores of Figure 4.14
show the same trend of G* values.

4.2.3 FTIR Test

FTIR is a technical method used to detect the
infrared absorption of samples (Bowers et al., 2014).
Spectral data is collected in a wide range of wave-
lengths. The carbon and hydrogen content in the
organic asphalt is over 90% (Asphalt Institute, 2003).
In this study, the FTIR test was performed on unaged
and aged samples to detect any change in the functional
group due to the occurrence of oxidative aging. In this
test, a vibrational Infrared (IR) light is passed through
the sample in question. When the natural vibrational
frequencies of a specific molecule match with the
frequency of the IR radiation, the molecule absorbs
the energy and increases the amplitude of vibrational
motion is detected as a peak in the interferogram. In
FTIR analysis, the natural vibrations of the covalent
bonds among the molecules are exploited in any
detection (Roy, 2021). As every type of bond has a
different natural frequency of vibration, and two of the
same type of bond in two different compounds are in
two slightly different environments, therefore, no two
molecules of the different structures have the same IR
absorption pattern (Pavia et al., 2008). Figure 4.20
shows the FTIR results of the control asphalt binder.



Figure 4.15 G* comparison of the field aging vs. lab aging.
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Figure 4.16 Comparison of the G* master curve of SP 5 (64-22-9.5) vs. SP 4 (64-22-9.5).

Figure 4.17 Comparison of the G* master curve of SP 5 (64-22-12.5) vs. SP 4 (64-22-12.5).
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During the asphalt aging process, the six functional
groups (carboxylic acids, aldehydes, amides, anhy-
drides, esters, and ketones) containing the carbo-
nyl group can be found in the asphalt binders based
on the FTIR results. Based on the FTIR results,
Figures 4.21 and 4.22 show the functional group peaks
at different aging conditions, and due to aging the
peak heights are increasing. In FTIR figures, the x-axis
denotes the wavenumber (cm-1), and the y-axis

denotes the amount of absorbance, A (a.u.). The func-
tional groups containing the carbonyl group in the
asphalt binders can be also used to correlate to
the oxidation extent of asphalt binders (Yao et al.,
2015).

Figure 4.23 shows the comparison between the
SP 5 and SP 4 FTIR results. The increments of the
peaks are much higher for SP 4 due to aging. The peak
increment for SP 5 from unaged to 5 days is 7.8%



Figure 4.18 G* master curve of MS4 and EB4.

Figure 4.19 G* master curve of field core samples.
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whereas for SP 4, the increment is 24.9%. The peak
increment for SP 5 from 5 days to 12 days is 19.6%

whereas for SP 4, the increment is 30.7%. So, it can be

deemed that higher air void of SP 4 leads to more aging
and the functional group peaks are increasing to a
higher extent than the SP 5 sample.



Figure 4.20 FTIR results of control asphalt binder.

Figure 4.21 FTIR results of MS1 and RR1 at different aging conditions.

Figure 4.22 FTIR results of MS4 and EB4 at different aging conditions.
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Figure 4.23 FTIR comparisons of SP 5 (64-22-9.5) and SP 4 (64-22-9.5) at different aging conditions.
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5. PAVEMENT PERFORMANCE PREDICTION
USING PAVEMENT ME

The AASHTOWare Pavement ME has been used to
provide the highway community with a practice tool for
the design and analysis of new and rehabilitated
pavement structures, based on mechanistic-empirical
(M-E) principles (AASHTO, 2008). INDOT has been
implementing MEPDG since January 1, 2009, with the
INDOT Pavement ME input database developed by the
Office of Research and Development and the Office of
Pavement Engineering (Nantung et al., 2021). In this
study, the AASHTOWare Pavement ME 2.3.1 version
was used to simulate the pavement performance.
Pavement ME uses a hierarchical level input system
for most parameters related to traffic, material char-
acteristics, and pavement conditions to allow a designer
to better predict pavement responses given higher
quality or project-specific data. The three levels and
inputs used in this study are described in Table 5.1.

The pavement layer combinations selected for this
study are shown in Table 5.2. The mixtures used in
surface, intermediate, and base layers are the SP 5
mixtures. The laboratory test data were used for Level 1
input. The E* values at five different temperatures
(-10uC, 4uC, 20uC, 40uC, and 55uC) and three different
frequencies (0.1 Hz, 1 Hz, and 10 Hz) obtained from the
dynamic modulus test were used as mixture input for
Level 1. The G* values at three different temperatures
along with phase angles obtained from the DRS test
were used as binder input for Level 1. All the inputs
(Level 1, Level 2, and Level 3) used in this study are
given in the appendix section.

5.1 Prediction of Pavement Performance in Level 1 and
Level 2

From Figure 5.1, it is found that Levels 1 and 2
are following a decreasing trend due to aging for

bottom-up fatigue, top-down fatigue, and permanent
deformation. However, the predicted values for bottom-
up and top-down fatigue cracking are much higher for
Level 2, which is not comparable with Level 1. For the
thermal cracking, Level 1 is showing an increasing trend
due to aging, but Level 2 is not following the same trend
which means the Level 2 simulation will not provide us
accurate distress prediction for thermal cracking. So,
from Figure 5.1, it is evident that even though Level 2
follows a similar trend as Level 1, the distress values are
much higher, and in some cases, Level 2 does not follow
the trend. So, to find out the accurate pavement
performance, Level 1 should be a good choice.

5.2 Prediction of Pavement Performance in Different
Aging Conditions

The research team considered different aging condi-
tions and ran the Pavement ME simulations for
unaged, 5-day, and 12-day aged samples. Figure 5.2
shows the predicted distress values at different aging
conditions. It is evident from Figure 5.2a, b, and d that
top-down fatigue, bottom-up fatigue, and permanent
deformation are decreasing due to aging. Because aging
makes the binders stiffer, they are resistant to rutting
(Ali et al., 2013; Bagchi et al., 2021; Zhang et al., 2018).
However, the thermal cracking is increasing due to aging
(Figure 5.2c). Because binder stiffness is a significant
factor in thermal cracking. Softer asphalt binders and
more angular aggregates improve the thermal cracking
performance of an HMA (Aschenbrener, 1995). So, for
5-day and 12-day aged samples, the binders became
stiffer, and increased thermal cracking was observed.
Figure 5.1 does not show the Level 3 simulation results
for 5 days and 12 days of aging because, for Level 3, PG
grade is the input for Pavement ME. After aging, the PG
grade would be higher (Xiao et al., 2013) than the
original PG grade which is found in the job mix formula.
So, it is not possible to input the PG grade after aging,



TABLE 5.1
Pavement ME inputs

Level Level of Reliability Input

All Levels Asphalt martial properties: Pbe, %AV

Climate: Indianapolis, 20 years of life

Traffic: 4,000 two-way AADTT, 4 lanes

Level 3 Lowest Aggregate gradation, PG Grade

Level 2 Intermediate G* and phase angle at multiple temps

Aggregate gradation

Level 1 Highest * values at multiple temperatures and frequencies

G* and phase angle at multiple temps

TABLE 5.2
Layer materials and thicknesses used for Pavement ME simulations

Layer Type Material Type Thickness (in) Materials Used

Surface Asphalt layer 1.5 MS1 (64-22-9.5), MS4 (70-22-9.5), and EB4

(76-22-9.5)

Intermediate Asphalt layer 2.5 MS1 (64-22-9.5), MS4 (70-22-9.5), and RR1

(64-22-12.5)

Base Asphalt layer 6 MS2 (64-22-19)

Non-Stabilized Crushed gravel 10 –

Subgrade A-1-a Semi-infinite –

Figure 5.1 Predicted distresses comparisons between Level 1 and Level 2.
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Figure 5.2 Predicted distresses using different aging conditions.

TABLE 5.3
SP 5 mixtures at different pavement layers used for Pavement
ME simulations

Combination

Surface Layer

Mixture

Intermediate Layer

Mixture

No. 1

No. 2

No. 3

No. 4

No. 5

MS1 (64-22-9.5)

MS1 (64-22-9.5)

MS4 (70-22-9.5)

MS4 (70-22-9.5)

EB4 (76-22-9.5)

MS1 (64-22-9.5)

RR1 (64-22-12.5)

RR1 (64-22-12.5)

MS1 (64-22-9.5)

MS1 (64-22-9.5)

22 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/06

and for this reason, the research team is not showing the
Level 3 simulation results for 5 days and 12 days.

5.3 Prediction of Pavement Performance of SP 5 Using
Different Layer Thickness and Mixtures

In this project, Pavement ME simulations were
conducted by using different pavement layer combina-
tions by changing the mixture type of surface and
intermediate layers. Figure 5.3 shows the predicted
distresses of different layer combinations at Levels 1, 2,
and 3. The list of layer combinations that were used for
simulations is shown in Table 5.3. For these layer
combinations, only the upper two layers’ (surface and
intermediate layer) materials were changed but the

other three layer’s materials were the same as in Table
5.2. The combinations are denoted by Nos. 1 to 5.

Figure 5.3 shows the predicted distresses at Levels 1,
2, and 3 with different layer materials in unaged con-
ditions. It is found that the distress values are
decreasing due to using stiffer binders for all levels of
simulations which is expected. Figure 5.3a, b showed
the predicted values of the top-down and bottom-up
fatigue cracking for Levels 1, 2, and 3. Level 3 shows
much higher values compared to Levels 1 and 2. As
Level 3 uses default input values, the distress prediction
is not accurate and for top-down and bottom-up
fatigue cracking, Level 3 is overestimating the fatigue
cracking. Figure 5.3c shows the thermal cracking results
and Level 3 underestimates the values compared to
Levels 1 and 2. However, permanent deformation
prediction does not follow any trend. For No. 1 and
2 where the layer material is a softer binder (PG 64-22),
Levels 1 and 3 show similar results. However, using a
stiffer binder, Levels 1 and 2 show similar results and
Level 3 shows a much higher value. From the above
discussion, it is evident that Level 3 simulation is
underpredicting or overpredicting the distresses com-
pared to Levels 1 and 2.

In addition, different base layer thickness was
considered for simulation to find the impact of the
base thickness. Figure 5.4 shows the predicted distresses
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Figure 5.3 Predicted distresses by using different SP 5 mixtures at different pavement layers.

using different base thicknesses. Three base thicknesses
of 6 inches, 9 inches, and 12 inches were used to do the
simulation and other properties remain the same. From
Figure 5.4 it is evident that higher base thickness
reduces the predicted distress values which is expected.
Here, 9-inch and 12-inch base thicknesses show similar
distress values whereas the 6-inch thickness shows
much higher distress values.

5.4 Comparison of Performance Prediction Results for
SP 5 and SP 4

In addition, the research team used the SP 4 mix to
simulate the pavement performance and compared the
distress values with the SP 5 simulation. For simulation,
the same layer thickness was used for SP 5 and SP 4.
Also, the same PG grade and NMAS were selected

for SP 5 and SP 4. The Level 1 and Level 2 simulated
distress values are shown in Table 5.4 and Table 5.5.

Based on the Table 5.4 and Table 5.5, SP 5 shows
better performances than SP 4. Figure 5.5 and Figure 5.6
show a clearer understanding. Figure 5.5 and
Figure 5.6 show the change in distress quantities (SP 5–
SP 4) in Level 1 and Level 2. Higher distress indicates bad
pavement performance, thus, if the (SP 5–SP 4) is
negative, it means that SP 5 shows better performance
than SP 4.

Figure 5.5 and Figure 5.6 show that most of the
values are negative which means SP 5 provides better
performance than SP 4. The reason is that SP 4 has a
higher air void percentage and for this SP 4 undergoes
more oxidative aging which leads to higher pavement
distress. In addition, the consolidation effect under
traffic loading would be another reason behind it.



Figure 5.4 Predicted distresses using different base thicknesses.

TABLE 5.4
Comparison between SP 5 and SP 4 distress prediction in Level 1 design

Level 1 Unaged 5 Days 12 Days

Distress Type SP 5 SP 4 SP 5 SP 4 SP 5 SP 4

Bottom-Up Fatigue Cracking 1.59 1.59 1.57 1.59 1.57 1.58

(% lane area)

Thermal Cracking (ft/mile) 3,213.25 3,008.82 2,429.85 2,842.46 2,648.61 3,088.89

Top-Down Fatigue Cracking 467.41 705.93 402.75 676.65 387.07 594.18

(ft/mile)

Permanent Deformation– 0.43 0.45 0.36 0.43 0.33 0.37

Asphalt Layer Only (in.)
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5.5 Input Parameter Verification in Levels 1, 2, and 3

Based on the above discussion, it is evident that
Levels 2 and 3 are not estimating the accurate pavement
performance. In this study, the research team investi-
gated the input parameters and analyzed the factors

that are affecting the results. Figure 5.7 shows the
mixture and binder inputs for Pavement ME in three
different levels. For the input Level 1, the lab test
results e.g., dynamic modulus of the mixture and the
binder G* along with phase angle are used whereas
Level 2 uses the aggregate gradation instead of dynamic



TABLE 5.5
Comparison between SP 5 and SP 4 distress prediction in Level 2 design

Level 2 Unaged 5 Days 12 Days

Distress Type SP 5 SP 4 SP 5 SP 4 SP 5 SP 4

Bottom-Up Fatigue Cracking (% lane area)

Thermal Cracking (ft/mile)

Top-Down Fatigue Cracking (ft/mile)

Permanent Deformation–Asphalt Layer Only (in.)

1.62

2,425.85

493.34

0.3

1.63

3,088.89

799.98

0.33

1.63

2,427.24

494.23

0.31

1.97

2,842.46

922.06

0.33

1.62

2,425.85

463.78

0.28

1.62

3,211.26

695.76

0.28

Figure 5.5 Change in distress quantities of SP 5 vs. SP 4 in Level 1.

Figure 5.6 Change in distress quantities of SP 5 vs. SP 4 in Level 2.
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Figure 5.7 Mixtures and binder inputs for Pavement ME in Levels 1, 2, and 3.

Figure 5.8 Calculated E* and viscosity in Pavement ME based on Levels 1, 2, and 3 inputs.
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modulus. But binder input remains the same for Level
2. However, Level 3 uses the aggregate gradation and
the binder PG grade as input.

5.5.1 E* and Viscosity Prediction Based on Level Input
Parameters

Based on these inputs, Pavement ME calculates the
E* master curve and binder viscosity which is used for
the simulation. Figure 5.8a shows the E* master curve
for Levels 1, 2, and 3. Figure 5.8 shows that there is a
huge difference in E* between the three levels. Level 1
E* represents the lab test results. However, Levels 2 and
3 show lower E* value, and Pavement ME either
overestimates or underestimates the pavement dis-
tresses. Figure 5.8b shows the binder viscosity curve
which is calculated based on the binder input. For
Levels 1 and 2, the lab test results are used, so the
viscosity curve is the same for these two. But the level

uses the PG grade, here PG grade is PG 70-22. In Level
3 simulation, Pavement ME uses the default viscosity
values for PG 70-22, however, the binder used in the lab
testing was more viscous which is represented by the
DSR test result. Because, in the mixture, there is a
certain percentage of RAP which is not considered for
Level 3.

5.5.2 E* Prediction by Changing Air Void and Binder
Content

In addition, the other input parameters such as air
void, binder content, and PG grade were changed to
find out the variation in the E* calculation. For Level 2
simulation, ¡0.5% air void and ¡1% binder content
were changed and the calculated E* is shown in Figure
5.9. Similarly, for Level 3 simulation, ¡0.5% air void
and ¡1% binder content were changed and the
calculated E* is shown in Figure 5.10. For lowering



Figure 5.9 Level 2 prediction by changing air void and binder content.

Figure 5.10 Level 3 prediction by changing air void and binder content.
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air void or binder content, the E* master curve shifted
upward, and for increasing the air void or binder
content, the E* master curve shifted downward, but the
change amount is very little for all cases.

5.5.3 E* Prediction by Changing PG Grade

For Level 3 simulation, the PG grade was also
changed one grade higher (PG 76-22) and lower (PG
64-22). Figure 5.11 shows the calculated E* and there is
a significant difference due to the change in PG grade
because it changed the viscosity curve.

Also, a similar change in air void and binder content
was performed for Level 1, and there was no change at
all. Because Level 1 uses the lab test results of dynamic
modulus and binder G* and phase angle.

5.6 Comparison of Predicted E* and Lab-Measured E*

To compare the Pavement ME predicted E* and lab-
measured E*, field core samples were collected from

three different locations, each pavement having been in
service for 4 years. The dynamic modulus test was
conducted on the surface layer of the field cores. The
field core details are shown in Table 5.6.

The Pavement ME simulation output file provides
the predicted dynamic modulus in different temperature
ranges. To compare the predicted values with lab-
measured values, there are a few conversions such as
Pavement ME loading time calculation and conversion
from the time domain to frequency domain were
conducted. The frequency of loading in HMA because
of a moving load is determined based on Equation 1 in
Table 5.7. By using Equation 1, the effective length can
be related to the duration of the vertical stress pulse at
any depth within the pavement system. To calculate the
effective length at a specified depth, Pavement ME uses
Odemark’s method of thickness equivalency to trans-
form the pavement structure into a single subgrade
layer system. In addition, the stress distribution for a
given subgrade soil is assumed to be at 45u. For the
transformed section, the depth of the frequency



Figure 5.11 Level 3 prediction by changing PG grade.

TABLE 5.6
Collected field core samples

Field Core Construction Time Original Grade Binder Replacement (%)

US 231

US 31

US 30

June 27 to September 17, 2018

September 4 to December 2, 2018

June 6 to July 19, 2018

PG 70-22

PG 76-22

PG 76-22

24.3

22.7

19.7

TABLE 5.7
Equations used for comparison of predicted E* and lab-measured E* (Al-Qadi et al., 2008)

t~
Leff

17:6vs

t 5 time of loading (s)

Leff 5 effective length (in)

Vs 5 vehicle speed (mph)

Eq. 1

Zeff ~
Xn{1

i~1

h1

ffiffiffiffiffiffiffiffiffi
Ei

ESG

3

r� �
zhn

ffiffiffiffiffiffiffiffiffi
En

ESG

3

r
Zeff 5 effective depth

hn 5 thickness of the layer of interest

ESG 5 subgrade modulus of elasticity

En 5 modulus of elasticity of the layer of interest

Eq. 2

Leff ~2 � (aczZeff )
ac~

L

2

L~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Contact Area

0:5227

r

Contact Area~
Load

Tire Pressure
Leff 5 effective length (in)

Zeff 5 effective depth

Eq. 3

f ~
1

2pt

f 5 frequency (Hz)

t 5 time of loading (s)

Eq. 4
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calculation changes and is calculated by using Equation
2. The effective length is calculated by using Equation
3. In MEPDG, the conversion from the time (t) domain
to the frequency (f) domain (in hertz) is based on
Equation 4.

By using the above equations, the frequency was
found to be 1 Hz. Pavement ME shows the predicted

dynamic modulus values for every month. For calcula-
tions, the dynamic modulus values are grouped as
seasons as shown in Table 5.8.

For a better understanding, the predicted dynamic
modulus values are plotted in Figure 5.12.

To compare these predicted values with field cores,
the core sample with the same PG grade was selected



TABLE 5.8
Predicted dynamic modulus in Pavement ME in different seasons after 4 years of construction

Seasons

Predicted Dynamic Modulus After 4 Years (psi)

Temperature Range (1 means lower temperature and 5 means higher temperature)

1 2 3 4 5

Dec-Jan-Feb

Mar-Apr-May

June-July-Aug

Sep-Oct-Nov

4,032,580

4,032,580

2,613,856

4,032,580

4,032,580

3,929,790

2,005,340

3,474,160

4,032,580

3,633,330

1,609,183

3,066,016

4,032,580

3,251,093

1,211,490

2,755,053

4,032,580

2,581,763

858,615

2,213,153

Figure 5.12 Predicted dynamic modulus in Pavement ME at different temperatures after 4 years.

TABLE 5.9
Lab measured dynamic modulus of US 231 field core

Field Core: US 231
Dynamic Modulus (psi)

Temperature (uC) 0.1 Hz 1 Hz 10 Hz

4 1,836,143.178 2,376,604.482 2,887,747.054

10 1,300,507.315 1,850,378.251 2,390,229.262

20 589,046.5245 1,042,004.221 1,579,290.699

40 79,076.66254 191,259.7999 421,591.7862

55 20,969.15754 53,305.3408 132,116.7405

Note: Testing data at 1 Hz (bolded numbers) is comparable to

dynamic modulus by Pavement ME.
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and the lab-measured dynamic modulus values are
shown in Table 5.9.

So, the lab-measured dynamic modulus at 1 Hz at
different temperatures are much lower than those
predicted by the Pavement ME. Similar results were
also found for field cores on US 30 and US 31. So,
Pavement ME is overpredicting the dynamic modulus
values compared to the original lab test results.
Previous researchers also found that Pavement ME is
overpredicting the dynamic modulus (Al-Qadi et al.,
2008).

6. SUMMARY AND RECOMMENDATIONS

In order to evaluate the Superpave 5 mixtures and
compare the difference in performance due to the aging
effect between Superpave 5 and conventional
Superpave 4, several mixture tests and binder tests
were conducted. Three aging levels (unaged, 5 days
aging, and 12 days aging) were set for the lab-prepared
samples. The performance prediction results using
Pavement ME for Superpave 5-designed and conven-
tional Superpave-designed mixtures were compared to
identify performance enhancements gained by using
Superpave 5-designed asphalt mixtures. Also, the
research team evaluated the accuracy of Pavement
ME’s three analysis levels to predict the pavement
performance of the SP 5 mixture. The study findings are
summarized as follows.

N Dynamic modulus test results showed that SP 5, with
lower air voids, can slow down aging compared to SP 4.
Additionally, it was shown that the modified high-
viscosity asphalt binder has a lesser effect on aging than
the normal asphalt binder.

N The HWTT results showed that the initial rutting of SP 5
was smaller than that of SP 4 due to low air voids.
However, due to the greater increase in stiffness due to
aging in SP 4, the rut depth after aging showed similar
values in both mixtures.



N The cyclic fatigue index parameter, Sapp, obtained

through a fatigue test, showed that the decrease in

cracking resistance due to aging of SP 5 was significantly

lower than that of SP 4, confirming that the SP 5 mixture

has a benefit in fatigue cracking resistance.

N DSR test results indicate that the G* value is increasing

due to aging for both SP 5 and SP 4 samples. However,

SP 4 shows a higher percentage of increment of G* than

SP 5. G* master curve from the frequency sweep test also

shows a similar trend.

N The FTIR test results show that the increments of the

functional group peaks are much higher for SP 4 due to

aging. The peak increment for SP 5 from unaged to 5

days is 7.8% whereas for SP 4, the increment is 24.9%.

The peak increment for SP 5 from 5 days to 12 days is

19.6% whereas for SP 4, the increment is 30.7%. So, it

can be deemed that higher air void of SP 4 leads to more

aging and the functional group peaks are increasing to a

higher extent than the SP 5 sample.

N Pavement-ME simulations have shown that there is a

significant difference between Level 1, Level 2, and Level

3 thermal cracking, rutting, bottom-up fatigue cracking,

and top-down fatigue cracking.

N Levels 2 and 3 underestimated the benefits of SP 5 due to

the use of default values calibrated based on SP 4, while

Level 1 might capture the benefits of SP 5 using lab test

results.

N Superpave 4 mixtures indicated the greater permanent

deformation than SP 5 mixtures due to higher air voids

and consolidation effect under the traffic loading.

N Superpave 5 (SP 5) mixtures showed the better resistance

against cracking performance based on the Pavement-

ME simulation results due to higher in-place density and

lower oxidative aging.

N Change in air voids and change in binder content do not

have a significant impact on calculating the input E* in

Pavement ME. However, changing the PG grade has a

significant impact on calculating the input E* in

Pavement ME.

N Pavement ME is overpredicting the long-term dynamic

modulus values compared to the original lab test results

even in Level 1 simulation.

N To capture the benefit of SP 5 pavement design, the Level

1 inputs (lab test results) are recommended for the

Pavement ME also the local calibration factors need to

be calibrated based on SP 5.
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APPENDIX A. PAVEMENT ME INPUT PARAMETER 

MS1-Unaged Inputs for Pavement ME: 

Table A.1 Mixture inputs for MS1-unaged 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

MS1 Unaged PG 64-22 9.5 4.9 2.319 11.4 6.4 

Table A.2 Binder inputs (DSR results) for MS1-unaged 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
70 158 7.14 80.3 7,140 
76 168.8 2.87 82.8 2,870 
82 179.6 1.39 84.8 1,390 

Table A.3 Dynamic modulus inputs for MS1-unaged 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,529,671 2,999,405 3,444,234 
4 39.2 1,377,419 1,873,788 2,365,059 
20 68 406,783 758,515 1,211,631 
40 104 54,105 132,445 299,148 
55 131 13,953 35,690 89,296 

Table A.4 Percent passing in different sieve sizes for MS1-unaged 
Sieve Size % Passing 

3/4 100 
3/8 94.8 

No 4 66.9 
No 200 5.6 

MS1-5 Days Inputs for Pavement ME: 

Table A.5 Mixture inputs for MS1-5 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

MS1-5 Days PG 64-22 9.5 4.9 2.34 11.5 6.4 
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Table A.6 Binder input (DSR results) for MS1–5 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 5.44 81.4 5,440 
82 179.6 2.64 83.7 2,640 
88 190.4 1.32 85.7 1,320 

Table A.7 Dynamic modulus inputs for MS1–5 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,827,249 3,259,956 3,665,322 
4 39.2 1,661,109 2,144,289 2,608,198 
20 68 540,267 956,789 1,441,780 
40 104 71,329 175,896 392,646 
55 131 18,640 48,583 122,857 

Table A.8 Percent passing in different sieve sizes for MS1–5 days 
Sieve Size % Passing 

3/4 100 
3/8 94.8 

No. 4 66.9 
No. 200 5.6 

MS1-12 Days Inputs for Pavement ME: 

Table A.9 Mixture inputs for MS1–12 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

MS1-12 Days PG 64-22 9.5 4.9 2.332 11.4 6.4 

Table A.10 Binder inputs (DSR results) for MS1–12 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 9.13 78.5 9,130 
82 179.6 4.37 81.2 4,370 
88 190.4 2.16 83.5 2,160 
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Table A.11 Dynamic modulus inputs for MS1–12 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 3,028,032 3,446,388 3,835,125 
4 39.2 1,843,268 2,305,955 2,755,725 
20 68 685,890 1,110,027 1,576,006 
40 104 103,311 237,644 487,543 
55 131 27,436 68,971 164,584 

Table A.12 Percent passing in different sieve sizes for MS1–12 days 
Sieve Size % Passing 

3/4 100 
3/8 94.8 

No 4 66.9 
No 200 5.6 

MS4-Unaged Inputs for Pavement ME: 

Table A.13 Mixture inputs for MS4-unaged 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

MS4-unaged PG 70-22 9.5 5.1 2.4 12.2 6.3 

Table A.14 Binder inputs (DSR results) for MS4-unaged 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 4.88 81.1 4,880 
82 179.6 2.39 83.4 2,390 
88 190.4 1.18 85.2 1,180 

Table A.15 Dynamic modulus inputs for MS4-unaged 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 311,6621 3,564,464 3,968,845 
4 39.2 1,812,726 2,347,123 2,852,122 
20 68 594,760 1,043,644 1,574,997 
40 104 95,741 225,429 480,451 
55 131 31,722 79,184 189,232 
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Table A.16 Percent passing in different sieve sizes for MS4-unaged 
Sieve Size % Passing 

3/4 100 
3/8 95.3 

No 4 69.7 
No 200 5.5 

MS4-5 Days Inputs for Pavement ME: 

Table A.17 Mixture inputs for MS4-5 days 

Binder NAMS Pbe (weight) Gmb 
Pbe 

(volume) Pb (%) 

MS4-5 Days PG 70-22 9.5 5.1 2.4 12.2 6.3 

Table A.18 Binder inputs (DSR results) for MS4–5 days 
Binder DSR Test 

Temp (℃) Temp (℉) Binder G* 
(kPa) 

Phase Angle 
(degrees) 

Binder G* 
(Pa) 

76 168.8 8.48 79.4 8,480 
82 179.6 3.96 82 3,960 
88 190.4 1.94 84.5 1,940 

Table A.19 Dynamic modulus inputs for MS4–5 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 3,306,047 3,741,305 4,131,174 
4 39.2 2,006,899 2,523,646 3,015,655 
20 68 740,727 1,212,455 1,736,464 
40 104 125,008 285,303 578,366 
55 131 39,338 97,977 229,221 

Table A.20 Percent passing in different sieve sizes for MS4–5 days 
Sieve Size % Passing 

3/4 100 
3/8 95.3 

No 4 69.7 
No 200 5.5 
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MS4-12 Days Inputs for Pavement ME: 

Table A.21 Mixture inputs for MS4–12 days 

Binder NAMS Pbe (weight) Gmb 
Pbe 

(volume) Pb (%) 

MS4-12 Days PG 70-22 9.5 5.1 2.4 12.2 6.3 

Table A.22 Binder inputs (DSR results) for MS4–12 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 13.7 76.5 13,700 
82 179.6 6.52 79.5 6,520 
88 190.4 3.15 88 3,150 

Table A.23 Dynamic modulus inputs for MS4–12 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 4,008,242 4,520,788 4,913,921 
4 39.2 2,285,745 3,019,087 3,694,653 
20 68 710,440 1,276,775 1,972,789 
40 104 97,621 249,145 558,383 
55 131 26,842 75,476 197,656 

Table A.24 Percent passing in different sieve sizes for MS4–12 days 
Sieve Size % Passing 

3/4 100 
3/8 95.3 

No 4 69.7 
No 200 5.5 

RR1-Unaged Inputs for Pavement ME: 

Table A.25 Mixture inputs for RR1-unaged 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

RR1-Unaged PG 64-22 12.5 4.6 2.36 10.9 6.3 
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Table A.26 Binder inputs (DSR results) for RR1-unaged 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
64 147.2 8.86 78.9 8,860 
70 158 3.94 81.7 3,940 
76 168.8 1.84 84 1,840 

Table A.27 Dynamic modulus inputs for RR1-unaged 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,470,808 3,004,417 3,508,515 
4 39.2 1,187,084 1,722,696 2,271,201 
20 68 278,143 583,538 1,028,657 
40 104 32,202 86,280 215,542 
55 131 8,738 23,842 64,602 

Table A.28 Percent passing in different sieve sizes for RR1-unaged 
Sieve Size % Passing 

3/4 100 
3/8 84.3 

No 4 63 
No 200 4.9 

RR1-5 Days Inputs for Pavement ME: 

Table A.29 Mixture inputs for RR1–5 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

RR1-5 Days PG 64-22 12.5 4.6 2.363 10.9 6.3 

Table A.30 Binder inputs (DSR results) for RR1–5 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
70 158 6.29 80.7 6,290 
76 168.8 2.89 83.1 2,890 
82 179.6 1.4 85.2 1,400 
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Table A.31 Dynamic modulus inputs for RR1–5 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,676,535 3,152,884 3,599,767 
4 39.2 1,400,392 1,910,648 2,414,764 
20 68 374,291 722,297 1,182,375 
40 104 48,470 122,218 284,795 
55 131 14,432 37,567 95,936 

Table A.32 Percent passing in different sieve sizes for RR1–5 days 
Sieve Size % Passing 

3/4 100 
3/8 84.3 

No 4 63 
No 200 4.9 

RR1-12 Days Inputs for Pavement ME: 

Table A.33 Mixture inputs for RR1–12 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

RR1-12 Days PG 64-22 12.5 4.6 2.36 10.9 6.3 

Table A.34 Binder inputs (DSR results) for RR1–12 days 

Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
70 158 9.74 77.8 9,740 
76 168.8 4.44 80.8 4,440 
82 179.6 2.1 83.3 2,100 

Table A.35 Dynamic modulus inputs for RR1–12 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,798,899 3,247,683 3,667,942 
4 39.2 1,547,583 2,031,789 2,508,736 
20 68 477,235 845,522 1,297,758 
40 104 69,990 164,958 355,473 
55 131 21,410 53,351 128,104 
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Table A.36 Percent passing in different sieve sizes for RR1–12 days 
Sieve Size % Passing 

3/4 100 
3/8 84.3 

No 4 63 
No 200 4.9 

EB4-Unaged Inputs for Pavement ME: 

Table A.37 Mixture input for EB4-unaged 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

EB4-Unaged PG 76-22 9.5 5.2 2.319 12.1 6.7 

Table A.38 Binder inputs (DSR results) for EB4-unaged 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 4.19 80 4,190 
82 179.6 2.27 82.8 2,270 
88 190.4 1.25 84.8 1,250 

Table A.39 Dynamic modulus inputs for EB4-unaged 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,658,391 3,067,082 3,444,938 
4 39.2 1,524,279 2,015,375 2,473,954 
20 68 473,378 849,634 1,323,620 
40 104 73,871 165,583 350,080 
55 131 23,183 52,000 117,821 

Table A.40 Percent passing in different sieve sizes for EB4-unaged 
Sieve Size % Passing 

3/4 100 
3/8 96.3 

No 4 72.4 
No 200 6.7 
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EB4-5 Days Inputs for Pavement ME: 

Table A.41 Mixture inputs for EB4–5 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

EB4-5 Days PG 76-22 9.5 5.2 2.319 12.1 6.7 

Table A.42 Binder inputs (DSR results) for EB4–5 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 6.44 82.5 6,440 
82 179.6 3.98 83.7 3,980 
88 190.4 2 84.9 2,000 

Table A.43 Dynamic modulus inputs for EB4–5 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,715,570 3,106,057 3,468,665 
4 39.2 1,642,934 2,109,202 2,543,839 
20 68 578,377 976,047 1,444,726 
40 104 98,399 212,212 426,538 
55 131 30,197 66,873 146,981 

Table A.44 Percent passing in different sieve sizes for EB4–5 days 
Sieve Size % Passing 

3/4 100 
3/8 96.3 

No 4 72.4 
No 200 6.7 

EB4-12 Days Inputs for Pavement ME: 

Table A.45 Mixture inputs for EB4–12 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

EB4-12 Days PG 76-22 9.5 5.2 2.319 12.1 6.7 
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Table A.46 Binder inputs (DSR results) for EB4–12 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
76 168.8 10.76 82.4 10,760 
82 179.6 5.98 84.2 5,980 
88 190.4 3.01 84.9 3,010 

Table A.47 Dynamic modulus inputs for EB4–12 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,736,684 3,118,731 3,472,358 
4 39.2 1,728,651 2,183,634 2,607,213 
20 68 676,112 1085,126 1,549,399 
40 104 124,987 256,477 489,752 
55 131 36,623 77,957 164,191 

Table A.48 Percent passing in different sieve sizes for EB4–12 days 
Sieve Size % Passing 

3/4 100 
3/8 96.3 

No 4 72.4 
No 200 6.7 
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MS2-Unaged Inputs for Pavement ME: 

Table A.49 Mixture inputs for MS2-unaged 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

MS2-Unaged PG 64-22 19 4 2.453 9.8 5.1 

Table A.50 Binder inputs (DSR results) for MS2-unaged 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
64 147.2 7.47 79.7 7,470 
70 158 3.35 82.4 3,350 
76 168.8 1.56 84.6 1,560 

Table A.51 Dynamic modulus inputs for MS2-unaged 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 4,399,898 4,906,117 4,989,307 
4 39.2 2,398,127 3,292,148 4,074,477 
20 68 641,308 1,230,881 2,038,260 
40 104 37,705 99,722 248,251 
55 131 26,302 70,303 179,807 

Table A.52 Percent passing in different sieve sizes for MS2-unaged 
Sieve Size % Passing 

3/4 95.7 
3/8 64.5 

No 4 39.4 
No 200 4.9 

SP 4-Unaged Inputs for Pavement ME: 

Table A.53 Mixture inputs for SP 4-unaged 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

SP 4-Unaged PG 64-22 9.5 4.9 2.321 11.4 6.1 
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Table A.54 Binder inputs (DSR results) for SP 4-unaged 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
70 158 7.82 79 7,820 
76 168.8 3.51 81.9 3,510 
82 179.6 1.64 84.3 1,640 

Table A.55 Dynamic modulus inputs for SP 4-unaged 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,451,713 2,922,226 3,377,838 
4 39.2 1,266,999 1,725,823 2,196,184 
20 68 354,479 665,372 1,068,749 
40 104 46,870 117,037 267,475 
55 131 13,574 35,575 90,339 

Table A.56 Percent passing in different sieve sizes for SP 4-unaged 
Sieve Size % Passing 

3/4 100 
3/8 96.9 

No 4 73.6 
No 200 5.4 

SP 4-5 days Inputs for Pavement ME: 

Table A.57 Mixture inputs for SP 4-5 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

SP 4-5 Days PG 64-22 9.5 4.9 2.33 11.4 6.1 

Table A.58 Binder inputs (DSR results) for SP 4–5 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
70 158 10.9 80.4 10,900 
76 168.8 4.97 83.5 4,970 
82 179.6 2.33 85 2,330 
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Table A.59 Dynamic modulus inputs for SP 4–5 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,453,728 2,896,702 3,322,716 
4 39.2 1,296,063 1,755,951 2,213,582 
20 68 367,242 687,658 1,103,774 
40 104 53,273 128,951 288,372 
55 131 17,085 42,845 104,953 

Table A.60 Percent passing in different sieve sizes for SP 4–5 days 
Sieve Size % Passing 

3/4 100 
3/8 96.9 

No 4 73.6 
No 200 5.4 

SP 4-12 Days Inputs for Pavement ME: 

Table A.61 Mixture inputs for SP 4–12 days 

Binder NAMS Pbe (weight) Gmb 

Pbe 
(volume) Pb (%) 

SP 4-12 Days PG 64-22 9.5 4.9 2.327 11.4 6.1 

Table A.62 Binder inputs (DSR results) for SP 4–12 days 
Binder DSR Test 

Temp (℃) Temp (℉) 
Binder G* 

(kPa) 
Phase Angle 

(degrees) 
Binder G* 

(Pa) 
70 158 17.65 73.2 17,650 
76 168.8 8.06 76.6 8,060 
82 179.6 3.73 79.9 3,730 

Table A.63 Dynamic modulus inputs for SP 4–12 days 
Mix Dynamic Modulus (psi) 

Temp (℃) Temp (℉) 0.1 Hz 1 Hz 10 Hz 
-10 14 2,798,915 3,165,855 3,512,350 
4 39.2 1,698,506 2,114,661 2,513,713 
20 68 631,053 996,913 1,412,335 
40 104 114,426 233,410 441,142 
55 131 37,042 79,838 167,008 
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Table A.64 Percent passing in different sieve sizes for SP 4–12 days 
Sieve Size % Passing 

3/4 100 
3/8 96.9 

No 4 73.6 
No 200 5.4 
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