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Asphalt concrete fatigue cracking is recognized as a major distress mode in the U.S.
The widespread nature of this distress and the data from agency Pavement Management
Systems (PMS) suggest that it is an issue with asphalt mixture design and production
processes and is not a problem specific to certain highway construction projects. The
constituents of asphalt mixtures are continuously increasing such as increased recycled
asphalt pavement (RAP) and recycled asphalt shingles (RAS), rejuvenators,
compaction aids, warm-mix additives, fibers, rubbers, etc. As a result, interactions
between these constituents are complicating the mixture design process, relying solely
on the volumetric mixture design is usually not resulting in asphalt mixtures with the
highest possible performance. Thus, asphalt mixture test methods for rutting and
cracking should be improved and incorporated into current mixture design methods.
To achieve reliable cracking performance, cracking tests should be modified and
improved to be able to develop more durable asphalt mixtures that last for their
intended service lives. The major focus of this research study was to develop a new
mixture design methodology for Oregon through four interrelated parts.

In Part I, the most effective test for characterizing Oregon asphalt mixtures was
determined by evaluating four tests commonly used to evaluate fatigue cracking

resistance. Results of tests were checked against actual field performance data to
determine the most accurate test method for agencies and contractors. Testing time,
cost, efficiency, complexity, and practicality were the other factors considered in the
test method selection process. In Part II, using the cracking test [Semi Circular Bend
(SCB)] selected in Part I, the impact of asphalt mixture variables, such as binder
content, air-void content, aggregate gradation, and polymer modification, on cracking
performance of Oregon asphalt mixtures were determined. The impact of those
variables on rutting resistance was also determined by conducting flow number (FN)
tests. In Part III, the most effective asphalt mixture long-term aging protocol was
determined to achieve reliable SCB test parameters that are correlated with in-situ
cracking performance. In Part IV, using the cracking test (SCB) selected in Part I and
the aging protocol developed in Part III, a balanced asphalt mixture design method was
developed.

It is expected that the fundamental findings of this research will facilitate the
implementation of a new asphalt mixture design methodology for agencies and
contractors which will, in turn, improve the longevity of asphalt materials, reduce lifecycle costs for agencies, and improve long-term road user comfort.
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1. Introduction
Fatigue cracking is a common failure mechanism in asphalt concrete pavement structures. It is one
of the main reasons for large road maintenance and rehabilitation expenditures, as well as reduced
user comfort and increased fuel consumption due to high road roughness. The fatigue mechanism
in asphalt pavements is a complex phenomenon that varies across a wide range of temperatures
and loading conditions. Asphalt concrete is a heterogeneous matrix of crushed stone and bitumen
with nonlinear viscoelastic material properties, which makes the analysis of the material very
complicated. Furthermore, the increased use of polymer modification (and other additives) and
recycled materials in asphalt pavement convolutes the mix design process and adds additional
analysis challenges. Although the use of recycled materials is beneficial in most cases, it can also
makes the mixtures more susceptible to cracking [1]. As a consequence of all these factors,
cracking characterization of asphalt pavement is challenging, and it is imperative to address this
issue in order to arrive at a performance-based mix design that yields satisfactory pavement
performance.
Asphalt concrete fatigue cracking is recognized as a major distress mode in Oregon. The Oregon
Department of Transportation (ODOT) Pavement Management System (PMS) [2] has shown that
asphalt mixtures placed in the last 20 years have had a tendency to develop premature fatigue
cracking after 6 to 8 years of service life, necessitating maintenance or rehabilitation before
reaching the intended structural design life of 15 years. The widespread nature of this distress
suggests that it is an issue with mix design and production processes and is not a problem specific
to certain highway construction projects. Thus, current test methods and design guidelines should
be modified and improved to be able to develop more durable asphalt mixtures that last for their
intended service lives.
Asphalt mixtures are designed to be used in pavements to withstand vehicular loads under different
climatic conditions. The goal of asphalt mix design is to determine an economical blend of
aggregates, recycled asphalt, and binder such that the resultant mix provides sufficient stability to
resist deformation under traffic loading, and flexibility to withstand cracking. The most commonly
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known asphalt mix design methods are the Marshall, Hveem, and Superpave methods. Marshall
and Hveem mix design procedures were widely used until the early 1990s before Superpave
procedure was introduced. Superpave was developed as part of the Strategic Highway Research
Program (SHRP) and was implemented in 1993. The original objective was to develop a
performance-based mix design process. Although performance tests for asphalt mixtures were a
part of the Superpave mix design process and several procedures were developed to predict and
evaluate mixture performance, the entire process turned out to be complex and costly and was
never implemented by any state Department of Transportation (DOT). Superpave mix design had
three levels (Level 1, Level 2, and Level 3) with increasing complexity [3]. The performancebased specifications were to be incorporated in Level 2 and Level 3 designs but were never
implemented.
The current implemented asphalt mix design practice (Level 1) involves proportioning of the
aggregates and the asphalt binder based on empirical properties of aggregates and volumetric
properties such as densities, air voids, voids in the mineral aggregate (VMA) and voids filled with
asphalt (VFA). However, most state DOTs and asphalt contractors do not think that commonly
used asphalt mixture properties are reflecting the long-term performance of asphalt mixtures. For
instance, although there are requirements for VMA set by almost all state DOTs, measurement of
VMA relies on the accurate measurement of aggregate bulk specific gravity, while considerable
issues were observed in terms of accuracy and variability during the measurement of this parameter
[4]. In addition, there are several new additives, polymers, rubbers, and high-quality binder types
incorporated into asphalt mixtures today. Volumetric mixture design methods are not capable of
capturing the benefits of using all these new technologies on asphalt mixture performance.
Furthermore, the interaction of virgin binders with reclaimed asphalt pavement (RAP) mixtures
with high binder replacement contents and the level of RAP binder blending into the asphalt
mixture are still not well understood. Due to all these complications related to the more complex
structure of asphalt mixtures, simple volumetric evaluations to determine the optimum binder
content may not result in reliable asphalt mixture designs. Two volumetrically identical mixtures
may provide completely different rutting and cracking performance according to laboratory tests
[5]. For all these reasons, performance tests for rutting and cracking need to be incorporated into
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current asphalt mixture design methods to be able to validate or revise the optimum binder content
determined by the volumetric mix design method.
This study was carried out in four parts. In the first part (Chapter 2.0), asphalt mixtures used in the
state of Oregon were analyzed for their fatigue performance. In order to assess asphalt pavement
fracture properties, it is essential to have a laboratory test method that is simple, practical and cost
effective to use and implement for agencies and contractors. Therefore, four of the most commonly
used cracking experiments were evaluated in order to determine their effectiveness in quantifying
the fatigue cracking performance of asphalt mixtures. The four tests were ranked based on their
performance, ease of use and the cost involved with implementing them. Once the best tool for
quantifying cracking susceptibility was determined, it was important to come up with
recommendations that would improve the fatigue performance of asphalt mixtures in Oregon. To
be able to provide recommendations for asphalt mixture design properties, it is necessary to
understand different factors that contribute to pavement distress. In the second part (Chapter 3.0),
using the selected cracking experiment, the impact of asphalt mixture properties, such as binder
content, air-void content, aggregate gradation, and polymer modification, on asphalt concrete
cracking performance was determined.
Asphalt aging is recognized as one of the important factors causing distress in asphalt pavements.
Asphalt aging occurs during production, construction, and service life of the mixtures. Aging of
the asphalt mixture during production and construction is called as “Short-term aging” while aging
during the use phase is called as “Long-term aging.” Aging of asphalt mixtures is mostly controlled
by the aging of asphalt binder [6]. Aging of asphalt binder associated with the oxidation of the
binder is a major factor controlling the fatigue performance of asphalt mixtures. For this reason, a
long-term aging protocol needed to be developed to achieve reliable fatigue cracking test results.
In the third part of this dissertation (Chapter 4.0), the impact of laboratory long-term aging on
cracking test results was studied and quantified. Based on the results of this part of the study, a
long-term aging protocol was suggested for conditioning asphalt mixtures before conducting
fatigue cracking tests. In the final part (Chapter 5.0), using the findings from Chapters 2,3, and 4,
and additional testing conducted for the study presented in Chapter 5, reliable thresholds for
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performance indicators (for both fatigue cracking and rutting) were determined to develop a new
balanced mix design process for Oregon. The balanced mix design method developed in this study
is expected to significantly improve the longevity of asphalt-surfaced pavements.
1.1. Balanced mix design approach
The Federal Highway Administration (FHWA) formed an Expert Task Group to develop a
Balanced Mix Design (BMD) process [7]. The group defines BMD as “asphalt mix design using
performance tests on appropriately conditioned specimens that address multiple modes of distress
taking into consideration mix aging, traffic, climate and location within the pavement structure”.
Figure 1.1 illustrates the difference between conventional volumetric mix design and proposed
balanced mix design process. In volumetric mix design, an optimum binder content required to
achieve 4% air-void content by applying a predetermined compactive effort (number of gyrations
in a Superpave Gyratory Compactor) is determined. However, performance properties of asphalt
mixtures are not accounted for in the design process. On the other hand, in a balanced mix design
process, performance properties of asphalt mixtures are evaluated in addition to volumetric
properties. In the example presented in Figure 1.1, the binder content determined by the volumetric
process is 5.7%. This binder percentage satisfies the rutting criteria for asphalt mixtures. However,
this binder content does not satisfy the cracking performance requirements (flexibility index of 8
from the IFIT test). On the other hand, the balanced mix design approach yields a binder content
ranging between 6.2% and 6.7%. Within this range, both cracking and rutting criteria are met.

Figure 1.1. Volumetric mix design vs balanced mix design example. [7]
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The FHWA group also determined three potential approaches to implement BMD [7], which are
briefly described as follows:
Approach 1: Volumetric Design with Performance Verification: This is the most commonly used
approach researched and employed by different agencies. In this approach, the mixture is designed
based on Superpave specifications. Then, performance tests are conducted to validate whether the
mix meets the performance requirements. The mixture should satisfy both volumetric and
performance testing criteria. If the mixture does not meet the requirements, the entire mix design
process is repeated. The adjustments to the mixture can be made through aggregate source,
aggregate gradation, binder source, binder grade, and or additives. This approach is currently being
implemented by state department of transportations (DOTs) in Illinois, Texas, Louisiana, New
Jersey, and Wisconsin. The process is illustrated in Figure 1.2.

Figure 1.2. Approach 1 - Volumetric design with performance verification. [7]
Approach 2: Performance-Modified Volumetric Mix Design: In this method, the initial aggregate
blend and asphalt content are determined using the Superpave mix design process. The mixture
proportions are then adjusted to meet the requirements of performance tests. Volumetric mix
design requirements are not strictly enforced in this method while performance requirements need
to be met. This method is currently being implemented in California. The approach is depicted in
Figure 1.3.
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Figure 1.3. Approach 2 – Performance modified volumetric design. [7]
Approach 3: Performance Design: In this approach, the volumetric mix design process is limited
or entirely skipped and different trial mixtures are directly evaluated using performance tests as
illustrated in Figure 1.4. Here the objective is to use different mixture components in proportion
to satisfy the performance test criteria. Therefore, minimum volumetric design criteria may or may
not be set for aggregate and binder properties. However, the volumetric criteria such as air voids,
minimum asphalt content, aggregate gradation, VMA, and VFA may still be used as a guideline
but not as a design criteria. Since there are no field data or knowledge available to validate the
effectiveness of this process, this method is not currently being used or implemented by any state
DOTs. However, this approach provides a lot of flexibility in design and can be quite rewarding
for the contractors and state DOTs. This approach is expected to encourage innovation and direct
producers and contractors to evaluate the impact of different additives, gradations, RAP contents,
binder types, binder contents, and other variables on asphalt mixture performance. With the
objective to reduce mixture costs while meeting the rutting, cracking, and moisture damage failure
criteria, different combinations of additives, RAP/RAS contents, gradations, and binder types that
will improve pavement longevity can be identified. However, significant level of research
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combining and evaluating both laboratory and field data is necessary before implementing this
high-risk strategy.

Figure 1.4. Approach 3 – Performance design. [7]
Implementation of a performance-based balanced mix design method is expected to improve the
quality and performance of the asphalt mixtures used for construction in Oregon. Improved
performance will lead to reduced life-cycle costs and increased pavement condition ratings for the
Oregon roadway network. Developing a balanced mix design method is also expected to encourage
contractors to develop methods and strategies to increase the cracking performance of the
pavements while maintaining the required rutting resistance.
The intent of this study was to provide the industry and ODOT with better insight on how to combat
fatigue-related failure issues by providing methods to more accurately forecast the fatigue life of
asphalt pavements in Oregon. This research study developed testing methods and procedures to
ensure that agencies can produce and use asphalt mixtures reliably, without running the risk of
premature failure, costly excess maintenance and reduced user comfort due to high pavement
roughness. The balanced mix design method developed in this study will create monetary savings
for agencies in the long run while also encouraging a greater degree of sustainability in the
industry.
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1.2. Key objectives of this study
The main objectives of this study are to:
•

Compare the results of direct tension cyclic fatigue (DTCF), indirect tension (IDT), semicircular bending (SCB) and bending beam fatigue (BBF) tests using various energy and
fatigue life parameters to determine how well they agree and determine the effectiveness
of all evaluated testing methods in identifying the in-situ cracking performance of
pavements with different mixture properties;

•

Select the best cracking test by considering testing time, cost, efficiency, complexity, and
practicality for use in district and contractor laboratories in Oregon;

•

Determine the effects of gradation, binder content, air void content (density) and binder
type (PG70-22 versus PG70-22ER binder) on the cracking resistance of asphalt mixtures;

•

Determine the cracking performance of asphalt mixtures with higher dust contents;

•

Determine whether the long-term aging process has any impact on cracking performance
ranking of asphalt mixtures;

•

Develop a long-term aging protocol for Oregon asphalt mixtures for fatigue cracking
testing;

•

Determine reliable threshold values for Flexibility Index (FI) and Flow Number (FN) for
performance evaluation;

•

Develop a balanced asphalt mix design method for Oregon.

1.3. Organization of the dissertation
The general framework followed in this research study is presented in Figure 1.5. The research
presented in this dissertation facilitates the implementation of performance-based specifications
for asphalt mixture design to improve the fatigue performance of pavements in Oregon.

This dissertation has four interrelated manuscripts and organized as follows:
•

Chapter 1.0: Introduction - This introductory chapter points out the critical need for this
research study and outlines the followed research methodology.
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•

Chapter 2.0: Manuscript 1 – The first manuscript in this dissertation is titled “Selection of
a Performance Test to Assess the Cracking Resistance of Asphalt Concrete Materials.”
This part of the study focuses on characterizing the cracking performance of asphalt
pavements in Oregon by using four tests commonly used to evaluate fatigue cracking
resistance. Based on the results of this part of the study, a fatigue cracking test and a test
procedure were proposed by considering cost, practicality, simplicity, and accuracy for
agencies and contractors. This manuscript has been published in the “Construction and
Building Materials” journal [8].

•

Chapter 3.0: Manuscript 2 – The second manuscript is titled “Effects of Binder Content,
Density, Gradation, and Polymer Modification on Cracking and Rutting Resistance of
Asphalt Mixtures Used in Oregon.” This chapter presents the impacts of various mixture
properties on cracking and rutting resistance of asphalt mixtures. Also, the impact of dust
content and dust-to-binder ratio on cracking and rutting performance of asphalt mixtures
were discussed in this chapter. The major goal is to provide a better decision-making
structure during the pavement design stage to address fatigue cracking susceptibility, with
the intent of avoiding premature pavement failure and expensive early maintenance and
rehabilitation. This manuscript has been published in the “Journal of Materials in Civil
Engineering” journal [9].

•

Chapter 4.0: Manuscript 3 – The third manuscript is titled “Development of a Long-Term
Aging Protocol for Asphalt Mixtures” and discusses the impact of long-term asphalt aging
on mixture cracking performance. In this study, the most effective asphalt mixture longterm aging protocol was determined to achieve reliable semi-circular bend (SCB) test
parameters that are correlated with in-situ cracking performance. The developed aging
protocol will be integrated into the balanced mix design procedures that are currently being
developed in Oregon. Developed asphalt mixture design methods are expected to improve
the longevity of asphalt materials, reduce life-cycle costs for agencies, and improve longterm road user comfort. This manuscript is submitted to the “International Journal of
Pavement Engineering” journal.

•

Chapter 5.0: Manuscript 4 – The fourth manuscript is titled “Developing PerformanceBased Specifications for Asphalt Mixture Design in Oregon.” The main objective of this
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chapter is to develop performance-based specifications to be used in asphalt mixture
design. Based on the findings from the first three manuscripts, a balanced mix design
process was developed for Oregon in this part of the study. This manuscript will be
submitted to the “Contstruction and Building Materials” journal.
•

Chapter 6.0: General Conclusions – A summary of major findings and conclusions of the
research completed in this dissertation are provided in this chapter.

•

Finally, Chapter 7.0: Bibliography – This chapter includes a comprehensive list of
references used in this dissertation.

Evaluate fatigue cracking tests and
mechanisms in the literature

PMS
data

Ch 1. Obtaining field cores from
different pavement sections

Reject
the test

No

Ch 1. Plant mixed lab compacted
samples from different projects
Evaluate each test for:
• Cost,
• Practicality,
• Simplicity,
• Agreement between tests

Field
correlation
?
Yes

Select the best cracking test

Ch 2. Impact of volumetric
properties on cracking
Ch 2. Impact of increased dust
content on cracking

Ch 3. Developing a long term
aging protocol

Yes

Test able to
differentiate
mixtures ?

No

Ch 2. Contribution of
mixture properties to
cracking

Identifying a reliable rutting
test

Ch 4. Developing a balanced mix
design (BMD) approach for Oregon

Figure 1.5. Flowchart to achieve the objectives of this research.
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2. Manuscript 1

Selection of a performance test to assess the cracking resistance of asphalt
concrete materials
Shashwath Sreedhar1, Erdem Coleri1, and Sogol Sadat Haddadi1
Abstract:
Cracking is a common failure mechanism in asphalt concrete pavement structures. It is one of the
main reasons for large road maintenance and rehabilitation expenditures, as well as reduced user
comfort and increased fuel consumption due to high road roughness. The resistance of the
pavement to this distress mechanism is dependent upon the ductility of the asphalt pavement
mixture. The use of recycled asphalt materials in asphalt mixtures is also becoming increasingly
common. A drawback of this practice is a reduction in ductility of the asphalt mixture, which
causes a significant reduction in the fatigue life of the pavement in many cases. In Oregon, asphalt
pavements are commonly failing prematurely due to cracking-related distresses, necessitating
costly rehabilitation and maintenance at intervals of less than half of the intended design lives in
some cases. For this reason, it is necessary to accurately quantify the impact of increasing the
recycled asphalt content in asphalt pavement on the structural cracking resistance of the pavement
through the use of low-cost and efficient testing procedures that can be implemented easily. This
study focuses on characterizing the cracking performance of asphalt pavements in Oregon by
considering four tests commonly used to evaluate fatigue cracking resistance and proposing the
implementation of the most cost-effective and efficient test procedure for agencies and contractors.

Keywords: Asphalt concrete; cracking; performance tester; fatigue life; recycled asphalt
materials; fatigue tests
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2.1.Introduction
Fatigue cracking is one of the most predominant modes of pavement distress. It occurs due to
repeated traffic loading, particularly by heavy axle loads of trucks [1]. It has been observed that
some of the pavements constructed in Oregon over the last two decades are failing prematurely by
fatigue cracking [2]. The use of recycled materials, polymers and modified binders in the asphalt
mix have altered the performance of the mixtures [3]. Hence, volumetric properties considered in
the mix design stage are not sufficient on their own to evaluate the fatigue performance of asphalt
mixtures. Therefore, a more comprehensive laboratory evaluation tool is necessary to understand
the behavior of paving mixtures.
High surface tensile stresses for asphalt concrete layers (top-down), high near tire shear-induced
tension for thick structures (top-down), and high bending stresses at the bottom of the asphalt
concrete layers (bottom-up) are the major causes of cracking [4]. Several researchers have come
up with test procedures to evaluate the fatigue cracking performance of asphalt concrete [5-11].
Based on a comprehensive literature review, four cracking tests were chosen in this research study
as candidate experiments. According to the literature review, the Semi-Circular Bend (SCB) test,
Indirect Tension (IDT) test, Bending Beam Fatigue (BBF) test and Direct Tension Cyclic Fatigue
(DTCF) test are the most commonly used test methods used to evaluate the fatigue performance
of asphalt mixtures. The four chosen tests were evaluated for:
•

Simplicity: Factors such as sample preparation, testing difficulty and required testing time;

•

Sensitivity to mix design parameters: Ability of the tests to identify the impact of
fundamental mixture properties, such as binder content, binder type, gradation, polymer
modification, and recycled materials, on measured performance;

•

Correlations to field performance: Ability of the tests to identify field sections with high
and low cracking performance;

•

Test variability; and

•

The cost involved in implementation.

In this study, the effectiveness of each laboratory experiment was first evaluated by comparing test
results from PMFC (plant mixed and field compacted - cores from field sections) specimens to the
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measured in-situ cracking performance of roadway sections. Second, the agreement between the
results of different experiments was determined. The major purpose was to determine the
effectiveness of different testing methods in identifying the cracking performance of pavements
with different mixture properties. Another purpose of this part of the study was to determine the
cracking resistance of Mix 1 (PG70-22ER (ER:Elastomer)-Fine gradation), Mix 2 (PG70-22ER
(ER:Elastomer)-Coarse gradation) and Mix 3 (PG70-22-Coarse gradation), which are asphalt
mixtures that are now commonly used in Oregon for pavement construction. Finally, the impact
of compaction [(field compaction and Superpave Gyratory Compactor (SGC)] and mixing
(laboratory and plant mixing) on the results of the selected cracking test were determined.
The major objectives of this study are as follows:
•

Determine the effectiveness of different testing methods in identifying the in-situ cracking
performance of pavements with different mixture properties;

•

Determine the cracking resistance of Mix 1 (PG70-22ER-Fine gradation), Mix 2 (PG7022ER-Coarse gradation) and Mix 3 (PG70-22-Coarse gradation) asphalt mixtures that are
now commonly used in Oregon for pavement construction;

•

Determine the correlations between SCB, IDT, BBF, and DTCF test results and measured
field performance data;

•

Select the most effective cracking experiment by considering testing time, cost, efficiency,
complexity and practicality for use in district and contractor laboratories in Oregon; and

•

Determine the effect of mixing (laboratory and plant mixing) and compaction method (field
roller compaction and laboratory gyratory compaction) on the results of the selected
cracking experiment.

2.2.Materials and methods
2.2.1. Materials
This section provides information about virgin binders, virgin aggregates and RAP aggregates
used in this study. All the materials were obtained from local sources. In this study, three types of
asphalt samples were used for testing and evaluation:
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•

Plant Mixed-Field Compacted (PMFC) samples: These are samples taken from various
highway sections with close ages and used for laboratory specimen production. Parameters
obtained from PMFC samples were expected to reflect actual field performance.

•

Plant Mixed-Laboratory Compacted (PMLC) samples: Before construction, loose asphalt
mixtures were collected from the local producer to prepare PMLC samples in the
laboratory. Although PMFC samples are expected to provide more realistic test results
reflecting actual in-situ performance, compaction variability and limited layer thickness
for laboratory test specimen production required plant sampling of production mixtures
and compaction in the laboratory for specimen production.

•

Laboratory Mixed-Laboratory Compacted (LMLC) samples: The aggregates, virgin
binders and RAP material used to produce asphalt mixtures for field construction were
sampled from a local producer in Portland, Oregon. These materials were used to produce
LMLC samples at the Asphalt Materials Performance Laboratory at Oregon State
University. Although laboratory compaction and mixing methods are different from plant
mixing and field compaction methods, the binder content, gradation, RAP content, and airvoid content can be accurately controlled to achieve target values for LMLC samples.

PMFC samples were collected from four different highway sections (Sections US20-U and OR99U with no cracking and sections OR99W-C and OR99EB with severe cracking) to conduct
different cracking experiments in order to determine the effectiveness of each experiment in
identifying the cracking resistance.
For the PMLC samples, three different asphalt mixtures were used in this study. Mix 1 (M1) was
comprised of 3/8” nominal maximum aggregate size (NMAS) aggregates (fine gradation), 20%
RAP and PG 70-22ER (polymer modified binder) grade virgin asphalt binder. The binder content
of M1 was 6% by total weight. Mix 2 (M2) was comprised of 1/2” NMAS aggregates (coarse
gradation), 20% RAP and PG 70-22ER (polymer modified binder) grade virgin asphalt binder.
The binder content of M2 was 5.3% by total mixture weight. Mix 3 (M3) was comprised of 1/2”
NMAS aggregates (coarse gradation), 20% RAP and PG 70-22 (no polymer modification) grade
virgin asphalt binder. The binder content of M3 was 5.3% by total mixture weight. All the binder
contents were selected based on volumetric mix design.
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2.3.Experimental program
2.3.1. Experimental design for plant mixed-field compacted specimens
In this part of the study, the effectiveness of each laboratory experiment was evaluated by
comparing test results from PMFC-Old specimens to the measured in-situ cracking performance
of roadway sections. For this purpose, test samples for laboratory testing were collected from two
field sections with high cracking resistance (sections with no cracking) and two with low cracking
resistance (sections with severe cracking). The general experimental design is given in Table 2.1.
Field specimens were collected from the following sections: Sections US20-U and OR99-U with
no cracking and sections OR99W-C and OR99EB with severe cracking. DTCF tests were not
carried out with field specimens since it was not possible to obtain 6-inch-tall specimens from field
sections due to limited layer thicknesses. All the field cores and samples were taken along the
wheel path.
Table 2.1. Experimental plan for Plant Mixed Field Compacted (PMFC) samples.
Test type

1

Mix
Type

Temp.

Strain
levels

Replicates

Total
Tests

BBF

4
sections1

20oC

400
µstrain

3

12

SCB

4
sections

25oC

N/A

9

36

IDT

4
sections

25oC

N/A

6

24

Four field sections: 1.Section with no cracking: US20-U - OR22:Sublimity Intchg Sect (RW2-WB): High traffic
2. Section with no cracking: OR99-U - OR99: Junction City 1: High traffic
3. Section with cracking (9,300ft/mile): OR99W-C - OR 99W:Brutscher St-Jct Hwy 151: High traffic
4. Section with cracking (15,420ft/mile): OR 99EB: Jct Hwy 001-Comm. St.: High traffic

2.3.2. Experimental design for plant mixed - laboratory compacted specimens
In this part of the study, the agreement between the results of different experiments was
determined. The major purpose was to determine the effectiveness of different testing methods in
identifying the cracking performance of pavements with different mixture properties. Another
purpose of this part of the study was to determine the cracking resistance of Mix 1 (PG70-22ER-
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Fine gradation), Mix 2 (PG70-22ER-Coarse gradation) and Mix 3 (PG70-22-Coarse gradation)
asphalt mixtures that are now commonly used in Oregon for pavement construction. Table 2.2
shows the experimental plan followed in this study. In order to evaluate the effectiveness of each
experiment, three mixtures with different cracking performance (Mix 1, Mix 2 and Mix 3) were
used. Loose asphalt mixtures were sampled from the plant and stored in air-tight buckets. Since
mixtures were sampled during construction, the possibility of using cracking test results from
production mixtures to predict long-term cracking performance can also be determined in a future
study. Cracking performance of these sections can be monitored over the next 4-5 year period to
evaluate the correlations between predicted performance (laboratory testing) and long-term in-situ
performance.
Table 2.2. Experimental plan for Plant Mixed Laboratory Compacted (PMLC) samples.
Test type

Mix
Type

Temp.

Strain
levels (µε)

Replicates

Total
Tests

BBF

M11;M2; M3

20oC

400

3

9

DTCF

M1; M2; M3

20oC

200

2

6

SCB

M1; M2; M3

25oC

N/A

9

27

IDT

M1; M2; M3

25oC

N/A

6

18

1

Note: M1: Mix 1-PG70-22ER-Fine gradation;
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

Preparation of PMLC specimens
Loose production mixtures sampled from the plant were stored in airtight buckets. In the
laboratory, these buckets were then placed in the oven at 110 ºC for 4 hours. With the help of a
mechanical splitter, uniform sampling of the mix was carried out. Theoretical maximum specific
gravity (Gmm) of each mix type was measured to be able to determine the required amount of
asphalt mixture to achieve 7% air-void content. The required amount for different samples was
weighed out and again kept in the oven at the compaction temperature for 2 more hours. The
mixing and compaction temperatures were obtained from viscosity versus temperature plots for
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the binder. Cylindrical samples were compacted using a Superpave Gyratory Compactor (SGC) in
accordance with the AASHTO T312-12 specification. The slab samples for BBF tests were
compacted using a hydraulic roller compactor.
2.3.3. Experimental design for laboratory mixed-laboratory compacted specimens
In this part of the study, the impact of compaction (field compaction and SGC) and mixing
(laboratory and plant mixing) on cracking test results (only with selected cracking experiment)
were determined. PMFC samples were collected (cored) along the wheel path from the roadway
sections constructed with the production mixtures described in Section 2.3.2. Table 2.3 shows the
experimental plan followed in this part of the study. By comparing test results from PMFC and
PMLC specimens, the impact of compaction on test results was quantified. By comparing PMLC
test results to LMLC test results, the impacts of mixing and batching (laboratory and plant) were
determined.
Table 2.3. Experimental plan to investigate the effect of compaction and mixing on cracking
results
Test type

Mix Type

Comp.

Temp.

Repl.

Total Tests

SCB

M2

PMFC

25oC

6

6

SCB

M2

PMLC

25oC

4

4

SCB

M2

LMLC

25oC

4

4

2.4.Test Methods
2.4.1. Semi-circular bend (SCB) test
SCB tests were conducted in this study to determine the cracking performance of asphalt mixtures.
130 mm tall samples were compacted in the laboratory according to AASHTO T 312-12. Two
samples with the thicknesses of 57 ± 2 mm were cut from each gyratory compacted sample using
a high-accuracy saw. Then the circular samples (cores) were cut into two identical halves using a
special jig designed and developed at Oregon State University (OSU). A 15 mm notch depth was
selected for sample preparation. A notch along the axis of symmetry of each half was created with
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the table saw using another special cutting jig developed at OSU. Notches were 15 ± 0.5 mm
(selected notch depth) in length and 3 mm wide.
Tests were conducted at 25 °C with a displacement rate of 0.5 mm/min. Samples were kept in the
chamber at the testing temperature for conditioning the day before being tested. The flat side of
the semi-circular samples was placed on two rollers. As a vertical load with constant displacement
rate is applied to the samples, the applied load is measured. The test stops when the load drops
below 0.5 kN. Flexibility index and fracture energy are the testing parameters obtained from this
test. In this study, procedures described in AASHTO TP 105-13 and Ozer et al. [12] were used to
calculate fracture energy and flexibility index using the test outputs (displacement versus load
curves), respectively.
2.4.2. Indirect tension (IDT) test
The IDT experiments are carried out by loading cylindrical specimens along their vertical
diametric planes. Cylindrical specimens of 150 mm diameter are produced using SGC. The SGC
specimen is cut into slices 50 mm in height using a high precision saw. The peak load at failure is
used to calculate the IDT strength of the specimen. The ASTM D6931-12 specification is followed
to conduct this experiment. Tests were conducted at 25 °C with a displacement rate of 50 mm/min.
Before conducting the IDT experiments, resilient modulus tests were also conducted by following
the ASTM D7369-11 specification to determine the stiffness of the mixtures at 25 °C.
2.4.3. Bending beam fatigue (BBF) test
The BBF test is used to estimate the fatigue life of pavement layers under repeated traffic loading.
In this test, failure is defined as the load cycle at which the specimen undergoes a 50 percent
reduction in stiffness relative to the initial stiffness. Tests were conducted at 20 °C with a strain
level of 400 µɛ and a loading frequency of 10 Hz (AASHTO T321).
2.4.4. Direct tension cyclic fatigue (DTCF) test
The DTCF test is used to determine the damage characteristic curve of asphalt mixtures subjected
to direct tension cyclic fatigue loading (AASHTO TP 107). The fatigue test consists of two parts:
first, a dynamic modulus fingerprint test (10 Hz frequency at target temperature with a target strain
range of 50 to 75 µɛ) to estimate the stiffness of the specimen and then a cyclic fatigue test at a
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strain level of 200 µɛ. In this test, repeated cyclic tensile loads are applied to cylindrical asphalt
specimens (150 mm height and 100 mm diameter) until failure. The applied stress and axial strain
responses are measured and used to calculate the parameters characterizing cracking resistance.
2.5.Results and Analyses
2.5.1. Plant mixed-field compacted (PMFC) specimens
The purpose of testing PMFC samples was to evaluate the effectiveness of each test in determining
the cracking performance of in-situ asphalt pavements. The subsequent sections present the results
of SCB, IDT and BBF tests used in this study. DTCF tests were not carried out with field specimens
since it was not possible to obtain 6-inch-tall specimens from field sections due to limited layer
thicknesses.
2.5.1.1.Semi-circular bend (SCB) test
Cores of 150 mm diameter were obtained from the four sections. Two samples with the thicknesses
of 57 mm were cut, and semi-circular samples were prepared to conduct SCB experiments. For
each field section, three notch depths were used (N1=1.0 in., N2=1.25 in. and N3=1.5 in.) and for
each notch depth, three replicate specimens were tested in this study. A total of 36 tests were
conducted, and fracture energy and flexibility index parameters were calculated for each test.
The results of the SCB tests are presented in Figure 2.1. Figure 2.1(a) shows calculated average
fracture energy for each section while Figure 2.1(b) depicts the flexibility index of the four field
sections, respectively. It was observed that the fracture energy parameter was not able to
differentiate the fatigue performance of the field sections and cannot identify the sections with
poor cracking performance, while the flexibility index was successful in predicting the in-situ
cracking performance. The flexibility indices of tested samples from 99E and 99W (the sections
with severe cracking) were much lower than the samples from Junction City (OR99-U) and
Sublimity (US20-U) (sections with high cracking performance). Therefore, it can be concluded
that the flexibility index parameter is an effective parameter in evaluating the cracking
performance of asphalt concrete pavement structures.
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Figure 2.1. SCB test results for PMFC (a) Fracture energy for PMFC samples; (b)
Flexibility index from SCB test for PMFC samples.
2.5.1.2.Indirect tension (IDT) test
Similar to the SCB test, 150 mm diameter cores were obtained from the four sections. 50 mm thick
slices were then cut from these cores. Six replicate specimens were tested for each section and a
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total of 24 tests were conducted. Test results for all field sections are presented in Figure 2.2. The
bars represent the average strength from six replicate experiments. It can be observed from Figure
2.2(a) that the tensile strength of 99E and 99W (severely cracked sections) are higher than that of
Junction City and Sublimity (no cracking sections). Higher tensile strength suggests lower ductility
for specimens from 99E and 99W sections and therefore cracking resistances of these two sections
are expected to be lower than the sections in Junction City and Sublimity. These results agree with
the data from ODOT PMS. Hence, it was concluded that the tensile strength parameter obtained
from IDT was successful in evaluating the fatigue performance of in-situ pavements. However, it
should be noted that using strength as a parameter to evaluate ductility and cracking resistance can
be problematic when there are polymers, fibers or other types of additives in the asphalt mixtures.
Also, using the same test results, flexibility indices were determined and shown in Figure 2.2(b).
It can be observed that the flexibility indices from IDT were in agreement with the flexibility
indices for SCB test results given in the previous section.
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Figure 2.2. IDT test results for PMFC (a) Tensile strength for PMFC samples; (b) Flexibility
index from IDT test for PMFC samples.

2.5.1.3.Bending beam fatigue (BBF) test
Asphalt concrete slabs obtained from the four pavement sections were cut in the laboratory to
obtain beam samples with 50 mm height, 63 mm width and 380 mm length. Three replicate
specimens for each section, and a total of nine specimens were prepared and tested at a 400µɛ
(200µɛ zero-to-peak) strain level and 10 Hz loading frequency.
The results from the BBF test are presented in Figure 2.3. It can be observed from Figure 2.3 that
measured fatigue lives for the sections 99E and 99W are higher than the fatigue lives for the
samples from sections Junction City and Sublimity. These results contradict the performance data
from ODOT’s PMS. Hence, it can be concluded that the BBF test is not effective in evaluating insitu pavement fatigue performance. Since BBF is accepted to be an effective test to characterize
bottom-up fatigue cracking resistance, it may not be capturing the cracking resistance of the asphalt
mixtures that are likely to fail from top-down cracking, which is the most common distress type in
Oregon [13]. Also, the coefficient of variation between the replicates was high as compared to
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SCB and IDT tests. Further investigations are necessary to study the effectiveness of the BBF test
in evaluating the pavement performance.

120,000

Fatigue Life

100,000

Rep 1

Rep 2

Rep 3

Average

80,000
60,000
40,000
20,000

0
Cracked

Cracked

No Crack

No Crack

99E

99W

JC

SUB

Figure 2.3. Fatigue life from BBF test for PMFC samples.

It should also be noted that field sampling for BBF testing is extremely time-consuming and labor
intensive. For sections with thick asphalt layers, the heavy weight of the cut asphalt block requires
a small-scale crane or a forklift to remove the cut block from the pavement. In addition, cutting
BBF test samples from the heavy asphalt blocks requires the use of a concrete chainsaw or a
handheld chop saw to reduce the size of the field block since it is not possible to fit the field block
into the stationary laboratory saw. All these factors increase the cost of BBF testing with field
cores and reduce practicality.
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2.5.2. One-to-one correlations between the output parameters of different tests
Figure 2.4 illustrates the correlations between the output parameters of different tests. Figure 2.4a
shows that fracture energy and flexibility index parameters calculated using SCB test results are
not correlated. Since flexibility index was determined to be highly correlated with measured field
cracking performance, the low correlation between flexibility index and fracture energy can be
attributed to the inability of fracture energy parameter in explaining in-situ cracking performance.
Figure 2.4b depicts the correlation between flexibility indices obtained from SCB and IDT tests.
The strong correlation between the flexibility indices obtained from SCB and IDT tests indicated
that both tests could be used to characterize cracking resistance of asphalt mixtures.
Figure 2.4c shows that the correlation between SCB flexibility index and BBF fatigue life is low.
Since flexibility index was determined to be highly correlated with measured field cracking
performance, low correlation between flexibility index and BBF fatigue life is a result of the
inability of fatigue life parameter to explain in-situ cracking performance.
Apart from the four cracking tests, resilient modulus test was carried out on the PMFC samples
from the four sections. The strong correlation between resilient modulus and SCB flexibility index
given in Figure 2.4 proves that resilient modulus test can be an effective alternative to SCB testing.
However, it should be noted that resilient modulus test requires a high-cost hydraulic or pneumatic
test system to be able to apply cyclic loads.
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Figure 2.4. One-to-one correlation plots (a) Flexibility index and fracture energy from SCB
(b) Flexibility indices from SCB and IDT tests (c) SCB flexibility index and BBF fatigue life
(d) Resilient modulus and SCB flexibility index.
2.5.3. Plant mixed-laboratory compacted (PMLC) specimens
The major purpose of testing PMLC samples was to determine the effectiveness of different testing
methods in identifying the cracking performance of pavements with different mixture properties.
Another purpose of this part of the study was to determine the cracking resistance of Mix 1 (M1),
Mix 2 (M2) and Mix 3 (M3) asphalt mixtures that are now commonly used in Oregon for pavement
construction. In order to evaluate the effectiveness of each experiment, three mixtures with
different expected cracking performance (Mix 1, Mix 2 and Mix 3) were used. Loose asphalt
mixtures were sampled from the plant and used for specimen preparation. The results of SCB,
IDT, BBF, and DTCF tests are presented in the following sections.
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2.5.3.1.Semi-circular bend (SCB) test
SCB test samples were prepared in the laboratory using the production mix obtained from the
asphalt plant. A total of 27 tests were conducted, and the flexibility index was calculated for every
test. Test results are presented in Figure 2.5. Mix 1 (modified mix with fine gradation) had the
highest flexibility index followed by Mix 3 (unmodified mix with coarse gradation) and Mix 2
(modified mix with coarse gradation). Since Mix 2 and Mix 3 had identical mix designs except the
ER binder used in Mix 2, the average flexibility index for Mix 2 was expected to be higher than
Mix 3. However, it can be observed that Mix 3 has a higher flexibility index than Mix 2, which is
incongruent with what was expected. This unexpected result raised suspicion about the true binder
contents of these two mix types. Since binder content is expected to be the most significant factor
controlling the cracking resistance of asphalt mixtures [14], higher binder content for Mix 3 might
have increased the cracking resistance.
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Figure 2.5. Flexibility index from SCB tests for PMLC samples.
In order to evaluate this disparity in the experimental results of the SCB experiments for Mix 2
and Mix 3, binder extraction [15] was performed on each of the production mixtures in order to
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determine their binder contents. The binder contents for both mix designs for Mix 2 and Mix 3
were supposed to be the same (5.3% from mix design), so the extraction served as a check on the
scheduled mix design properties. Extraction was performed with three replicate samples of each
mix type in order to determine the average binder content for each mix type. From measured binder
contents, it was observed that Mix 3 had a binder content approximately 0.5% higher, on average
than Mix 2. This result validated the concerns over the experimental results of the SCB
experiments. This elevated binder content in Mix 3 can help to explain the higher flexibility index
of Mix 3 in the SCB test results.
2.5.3.2.Indirect tension (IDT) test
IDT test samples were prepared in the laboratory using the production mix obtained from the
asphalt plant. A total of 18 tests were conducted. In addition to the tensile strength parameter, the
flexibility index was determined for each replicate experiment and used for mixture cracking
performance comparison.
Tensile strength and flexibility index parameters calculated by using IDT test results are presented
in Figure 2.6 (a) and (b), respectively. It can be observed that the flexibility index was highest for
Mix 1, followed by Mix 3 and Mix 2. Although the flexibility index values obtained from IDT
tests were much higher than the flexibility indices obtained from SCB tests, flexibility indices for
both experiments followed similar trends. Average tensile strength values for all three mixtures
were determined to be close to each other. Tensile strength parameter suggested that Mix 3 has the
highest cracking resistance followed by Mix 1 and Mix 2.
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Figure 2.6. (a) Tensile strength from IDT tests for PMLC samples; (b) Flexibility index from
IDT tests for PMLC samples.
2.5.3.3.Bending beam fatigue (BBF) test
For each mixture type, three replicate experiments were conducted. A total of 9 samples were
tested at 400µɛ strain level and 10 Hz loading frequency. Results are presented in Figure 2.7. The
fatigue life of Mix 1 was the highest followed by Mix 3 and Mix 2. These results are in agreement
with the results from SCB and IDT tests. However, it can be observed that the coefficient of
variation between the replicates of the same mix is high. For example, in Mix 1, replicate 2 had a
fatigue life of about 500,000 cycles whereas replicate 3 had a fatigue life of over 5,000,000 cycles.
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This high variability can introduce bias into the test results leading to an inaccurate evaluation of
fatigue performance of asphalt mixtures. For this reason, in order to reduce the effects of high
variability on average fatigue life, more replicate experiments should be conducted. However, it
should be noted to compacting and cutting beam specimens is much harder than preparing core
samples for IDT and SCB experiments. In addition, conducting one BBF experiment takes about
1 to 5 days depending on the flexural strength of the mixture. Due to these reasons, BBF test may
not be as practical as SCB and IDT experiments. On the other hand, since BBF is a repeated load
test, results can be used for mechanistic-empirical design while fracture tests (SCB and IDT) just
provide a parameter that can be used to rank the cracking resistance of different mixture types.
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Figure 2.7. Fatigue life from BBF tests for PMLC samples.
2.5.3.4.Direct tension cyclic fatigue (DTCF) test
Two replicate samples were produced for each mix type, and a total of 6 samples were tested. In
this study, fatigue life from the DTCF test was defined as the number of cycles required to reach
a 50 percent reduction in original stiffness. Figure 2.8 illustrates the DTCF test results. It can be
observed that fatigue lives calculated for all three mixtures are close. The results for DTCF tests
are not in agreement with the results from SCB, IDT, and BBF tests. In addition, it can be observed
that the coefficient of variation between the replicates of the same mix is high. For example, in
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Mix 1, replicate 1 had a fatigue life of about 29,000 cycles whereas replicate 3 had a fatigue life
of about 130,000 cycles. This high variability can introduce bias into the test results leading to an
inaccurate evaluation of fatigue performance of asphalt mixtures. For this reason, in order to reduce
the effects of high variability on average fatigue life, more replicate experiments should be
conducted. However, it was experienced that the sample preparation and testing process for DTCF
was tedious, time-consuming and require a significant level of training.
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Figure 2.8. Fatigue life from DTCF tests for PMLC samples.
2.5.4. Laboratory mixed-laboratory compacted (PMLC) specimens
In this part of the study, the impact of compaction (field compaction and SGC) and mixing
(laboratory and plant mixing) on cracking test results (SCB) were determined. This plan was
divided into two parts. The first part (as outlined in Table 2.3) was to compact specimens in the
laboratory using the mix obtained from the plant and obtain cores for Mix 2 from the actual
pavement sections constructed from the same mix. The aim was to evaluate the difference between
laboratory (PMLC) and field compaction (PMFC) on cracking results. In the second part, using
the aggregates, RAP, and binder used for mixture production at the plant, laboratory mixed-
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laboratory compacted (LMLC) specimens were prepared. By comparing LMLC test results to
PMLC test results, the impact of mixing (laboratory versus plant mixing) on measured cracking
resistance was determined.
SCB tests were conducted as described in Section 2.4.1. The only exception here was that the
thickness of field cores tested was 38 mm (design thickness for the constructed roadway section)
instead of 57 mm. Lower thicknesses for field cores are not expected to affect flexibility index
since fracture energy used to calculate flexibility index is calculated by dividing the area under the
displacement versus load curve by the ligament area. The force required to break a thinner sample
will be less, but since the ligament area will also be smaller, calculated flexibility index
theoretically should not be affected by the specimen thickness.
SCB test results for LMLC, PMLC, and PMFC are presented in Figure 2.9. It can be observed that
cracking resistance of laboratory compacted specimens are significantly lower than the cracking
resistance of field compacted specimens. On the other hand, cracking resistance of LMLC and
PMLC specimens were determined to be close. These results suggested that the mixing method
(laboratory or plant) does not have any significant effect on measured cracking performance.
However, the compaction method significantly affects the measured response. For this reason,
SCB test results for SGC (Superpave Gyratory Compacted) compacted specimens cannot be
directly compared to the results from field roller compacted specimens.
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Figure 2.9. The impact of mixing method and compaction type on SCB flexibility index.
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2.6.Summary and Conclusions
Fatigue cracking is one of the predominant modes of distress in the state of Oregon. Hence, it is
necessary to understand the fatigue performance of asphalt mixtures that are being used in asphalt
pavement construction. In order to quantify this performance, a laboratory testing procedure is
necessary to predict the cracking performance of asphalt mixtures used for pavement construction
in Oregon. In this study, four candidate tests (SCB, IDT, BBF, and DTCF tests) were used to
evaluate the fatigue performance of pavements and asphalt mixtures used in Oregon.
In this part of the study, the effectiveness of each laboratory experiment was first evaluated by
comparing test results from PMFC-Old (field sections) specimens to the measured in-situ cracking
performance of roadway sections. Second, the agreement between the results of different
experiments was determined. The major purpose was to determine the effectiveness of different
testing methods in identifying the cracking performance of pavements with different mixture
properties. Another purpose of this part of the study was to determine the cracking resistance of
Mix 1 (PG70-22ER-Fine gradation), Mix 2 (PG70-22ER-Coarse gradation) and Mix 3 (PG70-22Coarse gradation) asphalt mixtures that are now commonly used in Oregon for pavement
construction. Finally, the impact of compaction (field compaction and SGC) and mixing
(laboratory and plant mixing) on cracking test results (SCB) were determined.
The conclusions derived from this study are as follows:
1. SCB and IDT tests are the most practical and reliable tests that can be used to evaluate the
cracking resistance of asphalt mixtures.
2. The SCB test holds a slight advantage against IDT in terms of practicality since just one
gyratory sample is required for each mixture type whereas a minimum of two SGC samples
are required for IDT testing for each mixture type.
3. The flexibility index parameter is an effective parameter in differentiating cracking
resistance of asphalt concrete mixtures.
4. Test result variability for BBF and DTCF tests were determined to be very high. These two
tests were also determined to be ineffective in evaluating the in-situ performance of asphalt
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pavements used in this study. Specimen preparation and testing were also determined to be
complicated, time-consuming and labor intensive.
5. For Mix 3 (PG70-22-Coarse gradation), binder content of the production mix is higher than
the design binder content. Results indicated that bias and variability in production binder
content significantly affect the asphalt mixture performance.
6. The mixing method (laboratory or plant) does not have any significant effect on measured
cracking performance.
7. Compaction method significantly affects the measured cracking resistance. SGC
compaction creates an unrealistic aggregate skeleton due to the excessive compactive effort
which creates an asphalt specimen with higher stiffness and lower ductility. For this reason,
SCB test results for SGC compacted specimens cannot be directly compared to the results
from field roller compacted specimens. Although compaction type was determined to
affect the measured cracking resistance, it is not expected to affect the ranking of
performance for different asphalt mixtures.
As a part of this study, the four tests in consideration were ranked based on simplicity, preparation
and testing time, test equipment cost, and test results’ variability. The simplicity was ranked on a
scale from 1 to 5, 1 being the lowest and 5 being the highest. The ratings were based on the
consensus of opinion among the operators at Oregon State University. The time factor was divided
into preparation time and testing time. Preparation time included the time required for sample
preparation and cutting and did not include batching and mixing. For instance, all the tests require
almost about the same amount of time until mixing and compaction, but the time required for
cutting BBF test samples is much greater than the others. For DTCF testing, the test sample needed
to be glued to the loading platens, for which it takes about a day for the epoxy to set. The values
presented are the approximate time required for preparing three replicate specimens. Testing time
is the time required by one sample from the point of loading to the test termination point. Testing
cost is the approximate cost required for the test equipment. For example, the SCB test can be
conducted with an independent loading frame whereas the DTCF test requires hydraulic test
equipment, which increases the cost. The coefficient of variation was calculated for all the PMLC
tests. The rankings are as shown in Table 2.4 It can be observed that SCB and IDT tests are the
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most practical experiments with lower test equipment costs and lower test results’ variability.
Although IDT test results have a lower level of variability when compared to SCB test results, the
SCB flexibility index parameter was observed to more effectively identify the impact of different
mixture properties on cracking resistance.
Table 2.4. Ranking of the tests.
Time

Test equipment
cost

Coefficient of
variation

15-30 min

$6,000

0.161

10 hours

15-30 min

$6,000

0.088

2

1 day

1-5 days

$30,000

0.977

2

1.5 days

1-3 hours

$65,000

0.550

Test

Simplicity

Preparation
time

Testing
time

SCB

5

5-6 hours

IDT

5

BBF
DTCF

In this study, although monotonic tests were determined to be more effective in evaluating the
cracking performance of asphalt mixtures, cyclic tests can also provide important information
about the long-term performance of asphalt mixtures and results can be used for mechanisticempirical pavement modeling. However, as shown in Table 4, cyclic tests are more expensive,
more complicated and require extensive training. For this reason, cyclic tests are generally not
implemented for routine QC/QA type testing and for the development of balanced mix design
methods. However, developing relationships between cyclic and monotonic tests to be able to use
monotonic test results to predict important cyclic test parameters should be investigated in a future
study.
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Abstract:
Fatigue cracking performance of asphalt mixtures is highly influenced by the binder and air-void
contents, binder grade, binder modification, volumetrics, RAP/RAS content and aging. In Oregon,
asphalt pavements are commonly failing prematurely due to cracking-related distresses,
necessitating costly rehabilitation and maintenance at intervals of less than half of the intended
design lives in some cases. This study focuses on characterizing the cracking performance of
asphalt mixtures used in Oregon by evaluating the impact of asphalt mixture variables, such as
binder content, air-void content, aggregate gradation, and polymer modification, on cracking and
rutting performance using Semi-Circular Bend (SCB) and flow number (FN) tests, respectively.
The goal of this study is to provide a better decision-making structure during the pavement design
stage to address fatigue cracking susceptibility, with the intent of avoiding premature pavement
failure and expensive early maintenance and rehabilitation. It was observed that increased binder
content improved the cracking performance suggesting that increasing binder content of asphalt
mixtures currently used in Oregon can create significant savings by improving pavement
longevity. Additionally, it was observed that reducing the density increases cracking performance,
therefore, producing asphalt mixtures that are easy to compact and utilizing intelligent compaction
technologies that are currently being implemented in Oregon can potentially create a significant
improvement in the fatigue cracking resistance of asphalt mixtures.
Keywords: Fatigue cracking, asphalt, pavement, polymer, volumetrics, RAP, RAS
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3.1.Introduction
Cracking is a common failure mechanism in asphalt concrete pavement structures. It is one of the
main reasons for large road maintenance and rehabilitation expenditures, as well as reduced user
comfort and increased fuel consumption due to high road roughness. The fatigue mechanism in
asphalt pavements is a complex phenomenon that varies across a wide range of temperatures and
loading conditions. Asphalt concrete is a heterogeneous matrix of crushed stone and bitumen with
nonlinear viscoelastic material properties, which makes the analysis of the material very
complicated. Furthermore, the increased use of polymer modification and recycled materials in
asphalt pavement convolutes the mix design process and adds additional analysis challenges.
Although the use of recycled materials is beneficial in most cases, it also makes the mixtures more
susceptible to cracking [1]. As a consequence of all these factors, cracking characterization of
asphalt pavement is challenging, and it is imperative to address this issue in order to arrive at a
performance-based mix design that yields satisfactory pavement performance.
Asphalt concrete fatigue cracking (top-down cracking) is recognized as a major distress mode in
Oregon. Heavy rainfall is experienced throughout the state for the majority of the year, making the
pavements susceptible to moisture damage. High temperatures that are critical for rutting are not
really observed in Oregon, therefore rutting is not a critical distress mode. In addition, since low
winter temperatures are not generally observed in highly populated areas in Oregon, thermal
cracking has never been a significant issue according to the Oregon Department of
Transportation’s (ODOT) Pavement Management System (PMS). The ODOT PMS has shown that
some of the asphalt mixtures placed in the last 20 years have had a tendency to develop premature
fatigue. The widespread nature of this distress suggests that it is an issue with mix design and
production processes and is not a problem specific to certain highway construction projects. Thus,
current test methods and design guidelines should be modified and improved to be able to develop
more durable asphalt mixtures that last for their intended service lives.
Fatigue performance of asphalt mixtures is highly influenced by the binder and air-void contents,
binder grade, binder modification, gradation, volumetrics, RAP/RAS content, aging and adhesion
between asphalt and aggregates [1-9]. Air-void and binder contents are considered to be two major
factors affecting the fatigue cracking performance of asphalt mixtures. Higher binder content and
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lower air voids generally improve cracking performance of asphalt pavements. For equal levels of
compactive effort, a higher binder content tends to reduce the air-void content of the mix resulting
in an increase in mix density. Although increasing mix binder content can be accepted to be a
viable strategy for increasing asphalt mix fatigue life, increased binder content also tends to create
a softer mix with lower rutting resistance.
Over the last two decades, there has been an increase in the use of modified asphalt binders in
order to improve fatigue cracking resistance of pavements. Although binder modification may
increase the initial cost of the constructed sections, the increase in service life can significantly
reduce long-term life-cycle costs for agencies. On the other hand, increasing dust content and using
finer gradations can reduce the required binder content for the asphalt mix and reduce the initial
production costs. This reduction in required binder content is generally a result of the dust particles
replacing the binder required to fill the voids in the aggregate microstructure. However, increasing
dust content and using finer gradations make the asphalt mixtures drier (reduces binder content)
and reduces the asphalt film thickness around the aggregates. Thus, reduced binder content and
the film thickness can reduce the fatigue cracking resistance of the asphalt mixture [10]. Reduced
asphalt mixture performance can increase the maintenance costs during the service life of the
pavement structure [11, 12]. Therefore, this study focuses on quantifying the impact of air-void
content, binder content, polymer modification, and aggregate gradation on fatigue cracking
resistance of asphalt mixtures commonly used in Oregon.
The study was divided into two parts. The purpose of the first part was to reproduce the three
mixtures that are commonly used in Oregon (laboratory mixed-laboratory compacted samples).
Two binder contents (5.3% and 6%) and two air-void contents (5% and 7%) were used for each
mix type. Mix 1 and Mix 2 had polymer-modified binders while Mix 3 was a non-polymer mixture.
Mix 1 had a finer gradation while Mix 2 and Mix 3 had coarse gradations. In the second part of
the study, a new gradation was created by increasing the dust content. New mix design was
developed for the created high dust content mix. The objective was to evaluate the effect of
increased dust content on fatigue performance of asphalt mixtures.
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3.2.Materials and sample fabrication
3.2.1. Aggregates and asphalt binders
This part of the study intends to reproduce the three mixtures that are commonly used in Oregon
in the laboratory to determine the impact of mixture variables on cracking. Therefore, the same
gradations that were used to prepare asphalt mixtures at the plant were used for laboratory mixture
production. The virgin binders (PG 70-22 ER and PG 70-22) were obtained from local producers.
Temperature curves, mixing temperatures and compaction temperatures were provided by the
producers as well. Asphalt mixtures were prepared with two binder contents (5.3%, and 6.0%) in
this study. These binder contents are the percentage of the total binder by the weight of the mix,
and they include the recycled binder as well. In this study, it was assumed that all the RAP binder
was completely blended with virgin binder (100 % blending).
Mix 1 (M1) was comprised of 9.5mm nominal maximum aggregate size (NMAS) aggregates (fine
gradation), 20% RAP and PG 70-22ER (polymer modified binder) grade virgin asphalt binder.
The optimum binder content of M1 was 6% by total weight. Mix 2 (M2) was comprised of 12.5mm
NMAS aggregates (coarse gradation), 20% RAP and PG 70-22ER (polymer modified binder)
grade virgin asphalt binder. The optimum binder content of M2 was 5.3% by total mixture weight.
Mix 3 (M3) was comprised of 12.5mm NMAS aggregates (coarse gradation), 20% RAP and PG
70-22 (no polymer modification) grade virgin asphalt binder. The optimum binder content of M3
was 5.3% by total mixture weight. The mixture variables are summarized in Table 3.1. Virgin
aggregates, RAP materials, and asphalt binders were obtained from local producers. The aggregate
gradations are presented in Table 3.2.
Table 3.1. Master table for the mixtures used in the study.
ID
Mix 1 (M1)
Mix 2 (M2)
Mix 3 (M3)

Gradation
9.5 mm NMAS
12.5 mm NMAS
12.5 mm NMAS

Binder grade
PG 70-22-ER
PG 70-22-ER
PG 70-22

Binder Content (%)
6.0
5.3
5.3

RAP (%)
20
20
20

Air void (%)
7
7
7
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Table 3.2. Target, extracted RAP, and stockpiled aggregate gradations for Mix 1, Mix 2,
and Mix 3.
Percentage Passing
Sieve Size (mm)
19.0
12.5
9.5
6.35
4.76 (#4)
2.38 (#8)
1.19 (#16)
0.60 (#30)
0.30 (#50)
0.15 (#100)
0.075 (#200)
Pan

Mix 1
Virgin
Aggregate
100.0
100.0
100.0
85.8
64.7
39.9
28.1
21.4
14.5
10.1
8.0
0

RAP
100.0
100.0
96.8
78.4
66.4
45.1
31.5
23.8
17.4
12.9
8.4
0

Target
Gradation
100
100
99.4
84.3
65.1
40.4
28.1
21.4
14.8
10.2
7.7
0

Mix 2 and Mix 3
Virgin
Target
RAP
Aggregate
Gradation
100.0
100.0
100
94.0
97.6
96
81.1
88.3
85
61.7
69.8
63
50.4
59.6
50
32.1
42.0
32
22.3
31.0
22
16.5
24.0
17
11.5
17.6
11
8.5
12.6
9
6.4
8.6
6.6
0
0
0

3.2.2. Recycled asphalt pavement (RAP) aggregates
The RAP material was also obtained from local producers. RAP content for all mixtures was 20%.
AASHTO T 308-10 [13] was followed for binder extraction and RAP content measurements. The
percentage of binder in RAP materials for production Mix 1 was determined to be 5.26% while
binder contents of the RAP used for production Mix 2 and Mix 3 were both 5.1%. AASHTO T
30-10 [14] was followed to determine the gradation of extracted RAP aggregates. For five samples
of RAP materials for Mix 1, Mix 2, and Mix 3, RAP aggregates were extracted, and their
gradations were determined. Then, to obtain the final RAP aggregate gradation, the percent passing
the #200 sieve was reduced by 1 percent. This correction was applied due to the aggregate
breakdown in the ignition oven test.
3.2.3. Mixing and compaction
Batched samples were mixed and compacted by following the AASHTO T 312-12 [15] procedure.
Before mixing, aggregates were kept in the oven at 10 oC higher than the mixing temperature, RAP
materials were kept at 110oC [16], and binder was kept at the mixing temperature for 2 hours. After
mixing, prepared loose mixtures were kept in the oven for 4 hours at 135oC [17] to simulate short-
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term aging. The goal of short-term aging is to simulate the aging and binder absorption that occurs
during the mixing phase of the production process. It should be noted that a preliminary
investigation was conducted by Coleri et al. [18] to determine the impact of long-term aging (aging
the loose asphalt mixture at 85oC for 5 days) on cracking and rutting performance rankings of the
mixtures used in this study. It was concluded that laboratory long-term aging did not change the
cracking, rutting, and dynamic modulus rankings of the three mixtures used in this study. This
conclusion is probably a result of using the same RAP content for all three mixture types used in
this study (20% RAP).
3.3.Experimental plans
3.3.1. Experimental plan to determine the impact of mixture variables on durability
This part of the study intends to reproduce the three plant produced mixtures that are commonly
used in Oregon in order to determine the impact of mixture variables on fatigue cracking resistance.
The benefits of increased binder content and density in improving the fatigue cracking resistance
of asphalt mixtures were quantified. In this way, the impacts of binder content, density, polymer
modification and gradation on performance were more accurately quantified. Table 3.3
summarizes the experimental plan followed for asphalt mixtures with different gradations, binder
contents, air-void contents and binder types (ER and non-ER). The goal was to determine the
impact of these variables on mixture durability.
Table 3.3. Experimental plan for durability evaluation.
Test type

Mix Type

Comp.

Temp.

SCB

M1, M2, M3

LMLC

25oC

Dynamic modulus

M1, M2, M3

LMLC

1 runa

Flow number

M1, M2, M3

LMLC

54.7oC

Air void
content
5%
7%
5%
7%
5%
7%

Binder
content
5.3%
6.0%
5.3%
6.0%
5.3%
6.0%

Repl.

Total
Tests

4

48

2

24

2

24

Note: LMLC = Laboratory mixed-laboratory compacted;
a
Samples were tested at temperatures of 4 oC, 20 oC, and 40 oC and the loading frequencies of 0.1, 0.5, 1, 5, and 10
Hz. A loading frequency of 0.01 Hz was also used for 40 oC tests.
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3.3.2. Experimental plan to evaluate the impact of increased dust content on cracking
performance
It is possible to achieve a similar mixture volumetrics by using different gradations and binder
contents. In order to reduce the amount of binder required to reach a specific density level with
equal compaction effort (same number of gyrations in a SGC), dust content of the mixture can be
increased. The additional dust introduced into the mixture can fill the voids between aggregates
with larger sizes and make it possible to reach the required density with less binder. On the other
hand, the same density with equal compactive effort can be achieved by increasing the binder
content of the asphalt mixture rather than increasing the dust content. Since excessive dust particles
in the asphalt mixture reduce the adhesion between aggregates and the binder, higher dust-tobinder ratios in an asphalt mixture are expected to reduce durability. Although increasing dust
content to achieve the required density is expected to reduce initial costs (material production
costs), a possible reduction in fatigue cracking resistance for high dust mixtures can potentially
increase life-cycle costs.
In this study, in order to determine the effect of high dust content on performance, the first two
gradations (a fine and a coarse gradation) were selected. Figure 3.1 shows the gradation curves
selected for mixture production. The original gradation is the gradation used by Lakeside industries
to produce Mix 3 in this study while the finer gradation is the gradation selected to investigate the
high dust content effect on durability. The mix design binder content for the “original gradation”
mix was already specified as 5.3% by ODOT and used for production by the plant. The binder
content for the “finer gradation” mix was determined by following the mix design procedure given
in AASHTO M 323-12 [19]. After the binder content for the “finer gradation” mix was determined,
actual test specimens with 7% target air-void content were prepared. The experimental plan
followed is given in Table 2.2.
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Original Gradation
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19
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37.5

Sieve Size, mm

Figure 3.1. Gradations selected to evaluate the effect of increased dust content on
durability.

Table 3.4. Experimental plan for dust content effect evaluation.
Test type

Mix
Type

Comp.

Temp.

Binder
Grade

SCB

M3F

LMLC

25oC

PG 70-22

Dynamic modulus

M3F

LMLC

1 run

PG 70-22

Agg. grad.binder contenta
CA2-5.3%
FA-5.1%
CA-5.3%
FA-5.1%

Note: M3F = Mix 3-PG70-22-Fine gradation; LMLC = Laboratory mixed-laboratory compacted
a
CA = Coarse gradation; FA = Fine gradation

Air
void

Repl.

Total
Tests

7%

4

8

7%

2

4
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3.4. Test methods
3.4.1. Semi-circular bend (SCB) test
SCB tests were conducted in this study to determine the cracking performance of asphalt mixtures.
130 mm tall samples were compacted in the laboratory according to AASHTO T 312-12. Two
samples with the thicknesses of 57 ± 2 mm were cut from each gyratory compacted sample using
a high-accuracy saw. Then the circular samples (cores) were cut into two identical halves using a
special jig designed and developed at Oregon State University (OSU). A 15 mm notch depth was
selected for sample preparation. A notch along the axis of symmetry of each half was created with
the table saw using another special cutting jig developed at OSU. Notches were 15 ± 0.5 mm in
length and 3 mm wide.
Tests were conducted at 25 °C with a displacement rate of 0.5 mm/min [20]. Samples were kept
in the chamber at the testing temperature for conditioning the day before being tested. The flat side
of semi-circular samples was placed on two rollers. As a vertical load with constant displacement
rate is applied on the samples, the applied load is measured. The test stops when the load drops
below 0.5 kN. Fracture energy (Gf), and flexibility index (FI) are the testing parameters obtained
from this test.
3.4.2. Dynamic modulus (DM) test
Asphalt concrete mixtures are viscoelastic materials that show both viscous and elastic behavior.
At lower temperatures and higher loading frequencies, elastic behavior becomes more dominant
while viscous components are more apparent at higher temperatures and lower loading
frequencies. DM tests are conducted to characterize the elastic modulus of asphalt concrete
mixtures at different loading frequencies and temperatures. DM tests are performed at low strain
levels (about 100µε) to determine the elastic modulus in the linear viscoelastic range. The effects
of loading time and temperature on elastic modulus is modeled and presented in the form of master
curves [21]. Dynamic modulus shows how stiff an asphalt mixture is. A higher dynamic modulus
value represents a higher stiffness. In this study, the AASHTO TP 79 [22] specification was
followed to conduct the dynamic modulus test. The unconfined test configuration was used.
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3.4.3. Flow number (FN) test
The flow number (FN) test is a performance test for evaluating rutting resistance of asphalt
concrete mixtures [23]. In this test, while constant deviator stress is applied at each load cycle on
the test sample, permanent strain at each cycle is measured. Permanent deformation of asphalt
pavements has three stages: 1) primary or initial consolidation, 2) secondary, and 3) tertiary or
shear deformation [24]. FN is the loading cycle at which the tertiary stage starts after the secondary
stage.
In this study, testing conditions and criteria for FN testing described in AASHTO TP 79-13 for
unconfined tests were followed. The recommended test temperature, determined by LTPPBind
Version 3.1 software, is the average design high pavement temperature at 50% reliability for cities
in Oregon with high populations and at a depth of 20 mm (0.79 in) for surface courses [25]. Tests
were conducted at a temperature of 54.7°C with average deviator stress of 600 kPa and minimum
(contact) axial stress of 30 kPa. For conditioning, samples were kept in a conditioning chamber at
the testing temperature a day prior to being tested. To calculate FN in this study, the Francken
model was used [26].
3.5. Results and Discussion
3.5.1. Contributions of binder content, density, gradation, and polymer modification to
durability
This section presents the results of SCB, DM and FN tests for the experimental plan given in Table
3.3. The purpose of this experimental plan was to determine the effects of binder content, air-void
content, binder modification and gradation on measured cracking and rutting performance. The
three mixtures commonly used in Oregon (Mix 1, Mix 2 and Mix 3), were reproduced in the
laboratory with two binder contents (5.3% and 6%) and two air-void contents (5% and 7%). A full
factorial experimental plan with SCB, DM and FN tests was followed for all air-void, binder
content and mix type combinations and results are presented in the subsequent sections.
3.5.1.1.Semi-circular bend (SCB) test
Samples were mixed and compacted to prepare specimens with 150 mm diameter and 130 mm
height for each mix type and for each combination of binder content and air void content used in

51
this study. Four replicate SCB test samples were obtained from each sample and a total of 48
samples were tested. The notch depth used was 15 mm and flexibility index was the parameter
considered to evaluate the fatigue response of each sample.
Results for the entire test factorial are presented in Figure 3.2. Binder content and air void content
significantly affected the measured flexibility index. Polymer modification (ER mixtures) created
mixtures that are significantly more resistant to cracking. Coleri et al. [27] suggested a flexibility
index of 10 as a threshold for fatigue cracking resistance acceptance. It can be observed from Fig.
2 that none of the cases with PG70-22 binder (Mix 3-Non-ER mix) has a flexibility index close to
10 (the highest one is less than 6). This result suggested that polymer modification creates a
significant improvement in fatigue cracking resistance of asphalt mixtures. In addition, a 0.7%
increase in binder content increases the flexibility index by 2 to 3 times. This observed significant
effect of increased binder content on cracking performance suggested that increasing the binder
content of asphalt mixtures currently used in Oregon can create significant savings by improving
pavement longevity. By comparing results for M2-BC6%-AV5% and M2-BC6%-AV7%, it can
be concluded that increasing asphalt density by 2% (an air-void content reduction from 7% to 5%)
can increase flexibility index from 8 to 20. For this reason, producing asphalt mixtures that are
easy to compact and utilizing intelligent compaction technologies that are currently being
implemented in Oregon can potentially create a significant improvement in the fatigue cracking
resistance of asphalt mixtures.
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Figure 3.2. SCB results for the mixtures with different binder contents (5.3% and 6%) and
air void contents (5%, and 7%).

ANOVA for SCB test results
Analysis of Variance (ANOVA) was performed to estimate the effects of mix type, gradation,
binder content and air void content on the dependent flexibility index (FI) variable. The F value in
ANOVA analyses shows the statistical significance of each independent variable [28]. Flexibility
indices were transformed logarithmically and linearly correlated with the independent variables.
As shown in Table 3.5, all independent variables are important except gradation. Mix type (ER or
non-ER) had the most significant effect on FI since it exhibited the highest F value. Binder content
and air-void content are the second and third most significant variables, respectively.
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Table 3.5. ANOVA table for the regression model correlating FI test results with mix type,
gradation, binder content, and air void content.
Variables
MIX
GRAD
BC
AV
Residuals

Df
1
1
1
1
7

Sum of
Squares
2.10
0.03
1.02
0.37
0.32

Mean Sum
of Squares
2.10
0.03
1.02
0.37
0.046

F Value

Pr (F)

45.81
0.64
22.25
8.17

0.0003
0.4504
0.0022
0.0244

3.5.1.2.Dynamic modulus (DM) test
In this part of the study, DM tests were conducted on three mixtures with different binder contents
(5.3% and 6%) and air void contents (5% and 7%). Two replicate experiments were conducted for
each combination of the variables and 24 tests in total were conducted. The testing procedure
described in AASHTO TP 79-13 [22] for unconfined specimen was followed. Dynamic modulus
master curves are presented in Figure 3.3 (a), (b) and (c).
It can be observed that Mix 1 with a binder content of 5.3% and air-void content of 5% was the
stiffest and Mix 2 with binder content 6% and air void content 7% was the softest mixture of all
combinations. Although decreasing air-void content was determined to improve fatigue cracking
resistance (See Figure 3.2), air-void content was not observed to have any significant effect on the
dynamic modulus of mixtures. However, increasing binder content from 5.3% to 6% was observed
to significantly reduce the dynamic modulus of asphalt mixtures. It was also observed that the
master curves for Mix 1 and Mix 3 are close. This can be observed in Figure 3.4 (a), (b) and (c)
which depicts the change in stiffness with respect to the frequency on a semi-log scale. This result
suggested that although polymer modification does not create a significant change in mixture
stiffness, it improved cracking performance due to increased ductility.
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Figure 3.3. Master curves of dynamic modulus for (a) M1, (b) M2, and (c) M3 with different
binder contents (5.3% and 6%) and air void contents (5%, and 7%).
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Figure 3.4. Master curves of dynamic modulus for (a) M1, (b) M2, and (c) M3 on a semi-log
scale.
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3.5.1.3.Flow number (FN) test
Figure 3.5 presents the FN values for all the three mixtures with different binder contents and air
void contents. Suggested FN for the traffic level of 10 million to 30 million ESALs is specified as
190 while the FN limit for roadways with ESALs more than 30 million were specified as 740 [22].
In Figure 3.5, dashed and solid red lines show the recommended FN for the traffic levels of 10 to
<30 million and ≥30 million ESALs, respectively. FN values for all the asphalt mixtures were
greater than 740, which is the recommended FN for the traffic level of more than 30 million
ESALs. These results suggest that all tested mixtures are stiff enough to resist any rutting failures
in the field. This result further suggests that increasing binder content is not going to result in
rutting failures in the field while increased binder content will significantly improve fatigue
cracking resistance of asphalt mixtures. In other words, increasing binder content is an effective
strategy to improve pavement longevity.

Figure 3.5. Flow number for mixtures with different binder contents (5.3% and 6%) and air
void contents (5% and 7%). Error bar length = One standard deviation.
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ANOVA for FN test results
Analysis of Variance (ANOVA) was performed to estimate the effects of mix type, gradation,
binder content and air void content on the dependent flow number (FN) variable. Flow numbers
were transformed logarithmically and linearly correlated with the independent variables. As shown
in Table 3.6, all independent variables are important. Binder content had the most significant effect
on FN since it exhibited the highest F value. Mix type (ER or non-ER), air-void content, and
gradation were the second, third and fourth most significant variables, respectively.
Table 3.6. ANOVA table for the regression model correlating FN test results with mix type,
gradation, binder content, and air void content.
Variables
MIX
GRAD
BC
AV
Residuals

Df
1
1
1
1
7

Sum of
Squares
1.48218
0.55676
2.97712
0.56161
0.30999

Mean Sum
of Squares
1.48218
0.55676
2.97712
0.56161
0.04428

F Value

Pr (F)

33.469
12.572
67.227
12.682

0.000673
0.009397
0.000077
0.009205

3.5.2. Impact of increased dust content on cracking performance
This section presents the results of SCB and DM tests for the experimental plan given in Table
2.2. The purpose of this experimental plan was to determine the impact of higher dust content on
measured cracking and rutting performance. The SCB and DM test results are presented in the
subsequent sections.
3.5.2.1.Semi-circular bend (SCB) test
SCB test results for the “original gradation” and “finer gradation” mixtures are presented in Fig.
6. Both mixtures had similar volumetrics while for the “finer gradation” mix, some of the required
binder to fill the voids was replaced with dust particles. For this reason, design binder content for
the “finer gradation” mix is about 0.2% lower than the binder content for the “original gradation”
mix. It can be observed from Figure 3.6 that average flexibility index (FI) for the “finer gradation”
mix is about 25% lower than the “original gradation” mix. This result suggested that increasing
the dust content to achieve density targets with less binder content could reduce in-situ cracking
performance and reduce pavement longevity. For this reason, lower dust-to-binder ratios should
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be targeted to improve fatigue cracking resistance of asphalt mixtures. The dust-to-binder ratio for
the “original gradation” mix was observed to be 1.42. Without changing the gradation, increasing
the design binder content for this mix from 5.3% to 6% is expected to reduce the dust-to-binder
ratio to about 1.29. It can be observed from Figure 3.2 that the flexibility index for the same
mixture with 6% binder content (dust-to-binder ratio of 1.29) is about 31% higher than the mix
with a dust-to-binder ratio of 1.42 (FI increases from 3.85 to 5.55).

Figure 3.6. SCB results for dust content effect.
3.5.2.2.Dynamic modulus (DM) test
DM tests were conducted with “original gradation” and “finer gradation” mixtures. Two replicate
experiments were conducted for each combination of the variables, and 4 tests were conducted.
The testing procedure described in AASHTO TP 79-13 [22] for unconfined mixtures was
followed. Reference temperature for all the master curves is 20°C. Dynamic modulus master
curves are presented in Figure 3.7. The master curve for the “finer gradation” mix was compared
with the master curve for “original gradation” mix. It was observed that the stiffness of the “finer
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gradation” mix was higher than the “original gradation” mix. Higher dust content and lower binder
content created an asphalt mixture with lower cracking resistance.

Figure 3.7. DM master curves comparing finer and coarse gradations.
3.6.Conclusions
This study focused on quantifying the impact of air-void content, binder content, gradation and
polymer modification on cracking and rutting resistance of asphalt mixtures commonly used in
Oregon. The study was divided into two parts. The first part was to reproduce the three mixtures
in the laboratory. Two binder contents (5.3% and 6%) and two air-void contents (5% and 7%)
were used for each mix type. Mix 1 and Mix 2 had polymer-modified binders while Mix 3 was a
non-polymer mixture. Mix 1 had a finer gradation while Mix 2 and Mix 3 had coarse gradations.
The following conclusions were derived from this portion of the study:
•

Polymer modification plays an important role in imparting ductility to the mix and thereby
significantly increases the fatigue cracking resistance of the asphalt mix.

•

Binder content significantly affected the measured flexibility index. A 0.7% increase in
binder content increases the flexibility index by 1.07 to 2.63 times. This observed effect on
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cracking performance suggested that increasing binder content of asphalt mixtures
currently used in Oregon can create significant savings by improving pavement longevity.
•

Air-void content (density) significantly affected the measured flexibility index. A 2%
reduction in air-void content increases the flexibility index by 1.03 to 2.38 times. For this
reason, producing asphalt mixtures that are easy to compact and utilizing intelligent
compaction technologies that are currently being implemented in Oregon can potentially
create a significant improvement in the fatigue cracking resistance of asphalt mixtures.

•

Although decreasing air-void content was determined to improve fatigue cracking
resistance, air-void content was not observed to have any significant effect on dynamic
modulus of mixtures. However, increasing binder content from 5.3% to 6% was observed
to significantly reduce the dynamic modulus of asphalt mixtures.

•

Although polymer modification does not create a significant change in mixture stiffness, it
improved cracking performance due to increased ductility.

•

FN values for all the asphalt mixtures were greater than 740, suggesting that all tested
mixtures are stiff enough to resist any rutting failures in the field. This result further
suggests that increasing binder content is not going to result in rutting failures in the field
and will significantly improve the fatigue cracking resistance of asphalt mixtures. In other
words, increasing binder content is an effective strategy to improve pavement longevity.

In the second part of the study, a new gradation was created by increasing the dust content. The
objective of this part of the study was to evaluate the effect of increased dust content on fatigue
performance of asphalt mixtures. Results showed that increased dust content makes the mix drier
and reduces the asphalt film thickness around the aggregates. Thus, reduced binder content and
film thickness reduces the flexibility index of the asphalt mix. Therefore, the mixture with a high
dust-to-binder ratio is expected to be more susceptible to fatigue cracking. For this reason,
decreasing the dust-to-binder ratio by limiting the dust content and/or increasing the binder content
will provide asphalt mixtures with higher fatigue cracking resistance. Since asphalt film thickness
is an important factor controlling the cracking resistance of asphalt mixture, the relationship
between the asphalt film thickness and cracking resistance should be investigated in a future study.

61
This study constructs the beginnings of a balanced mix design method for the state of Oregon.
However, the test methods and analysis procedures developed in this study can be adopted by other
states and countries by modifying the test parameters to reflect the climatic conditions, material
properties, and traffic conditions of those states and countries.
3.7.Future study
The results showed that binder content significantly affected the measured flexibility index while
the increased binder content did not result in FNs lower than the required threshold (FN>740).
However, field verification of this finding needs to be sought. Pilot sections should be constructed
with mixtures with binder contents higher than the design binder contents. Suggestions with higher
FIs (>15) should be selected for pilot section construction to minimize the risk of cracking. Since
rutting is going to be the expected failure distress for these highly flexible mixtures, rutting
performance of the sections should be monitored for 2 to 4 years.
The results of this study also showed that air-void content (density) significantly affected the
measured flexibility index. For this reason, producing asphalt mixtures that are easy to compact
can create significant benefits. In a future study, compactibility of asphalt mixtures designed with
current mix design process (mostly controlled by gyration levels) should be determined.

Acknowledgments
The authors would like to thank the Oregon Department of Transportation (ODOT) for providing
funding for this research. The authors thank the members of the ODOT Project Technical Advisory
Committee and ODOT research for their advice and assistance. The authors would also like to
thank Mike Stennett of ODOT who organized material sampling. The authors would also like to
thank Sogol Sadat Haddadi, Tim Flowerday, Nicholas Kolstad, John Paul Morton, Andrew
Johnson, Mostafa Estaji, Ihsan Obaid, Natasha Anisimova, Matthew Haynes, and Jawad Qassem
for their help with sieving, batching, and measuring theoretical maximum specific gravity of
prepared samples, as well as James Batti for his help in the laboratory. Also, a special thanks to

62
Owens Corning for providing asphalt binders, and to Lakeside Industries for providing aggregates,
production mix, and RAP materials used in this study.

References
1. West, R. C., Rada, G., R., Willis, J., R., and Marasteanu, M., O. (2013). “Improved mix
design, evaluation, and materials management practices for hot mix asphalt with high
reclaimed asphalt pavement content”. Transportation Research Board.
2. Harvey, J., and Tsai, B., W. (1996). “Effects of Asphalt Content and Air Void Content on
Mix Fatigue and Stiffness”. Transportation Research Record: Journal of the Transportation
Research Board, No. 1543(1), pp. 38–45.
3. Hu, S., Zhou, F., Scullion, T. (2011). “Factors That Affect Cracking Performance in Hot
Mix Asphalt Mix Design”. Transportation Research Record: Journal of the Transportation
Research Board, No 2210, pp. 37-46.
4. Williams, R. S., Shaidur, R. (2015). Premature Asphalt Concrete Pavement Cracking. SPR
734, Final report for Oregon Department of Transportation, Salem, Oregon.
5. Li, X., Marasteanu, M. O., Williams, R., C., and Clyne, T., R. (2008). “Effect of Reclaimed
Asphalt Pavement (Proportion and Type) and Binder Grade on Asphalt Mixtures.
Transportation Research Record: Journal of the Transportation Research Board, No. 2051,
pp. 90–97.
6. Bahia, H. U.,Hanson, D., I., Zeng, M., Zhai, H., Khatri, M., A., and Anderson, R., M.
(2001). “Characterization of Modified Asphalt Binders in Superpave Mix Design”. NO.
Project 9-10 FY’96.
7. Bonnetti, K., Nam, K., and Bahia, H. (2002). “Measuring and Defining Fatigue Behavior
of Asphalt Binders”. Transportation Research Record: Journal of the Transportation
Research Board, No. 1810, pp. 33–43.

63
8. Arega, Z. A., Bhasin, A.,, and De. Kesel, R. (2013).“Influence of Extended Aging on the
Properties of Asphalt Composites Produced Using Hot and Warm Mix Methods”.
Construction and Building Materials, V 44,, pp. 168–174.
9. Guo, M., Tan, Y., and Zhou, S. (2014). “Multiscale Test Research on Interfacial Adhesion
Property of Cold Mix Asphalt”. Construction and Building Materials, Volume 68, 15
October 2014, pp. 769-776.
10. Guo, M., Tan, Y., Yu, J., Hou, Y., Wang, L. (2017). “A Direct Characterization of
Interfacial Interaction Between Asphalt Binder and Mineral Fillers by Atomic Force
Microscopy”.

Materials

and

Structures

50:141,

Springer

Netherlands,

https://doi.org/10.1617/s11527-017-1015-9.
11. Sousa, J., Pais, J., Prates, M., Barros, R., Langlois, P., and Leclerc, A., M. (1998). “Effect
of Aggregate Gradation on Fatigue Life of Asphalt Concrete Mixtures”. Transportation
Research Record: Journal of the Transportation Research Board, No. 1630, pp. 62–68.
12. Tsai, B.-W., Harvey, J., and Monismith, C. (2002). “WesTrack Fatigue Performance
Prediction Using Miner’s Law”. Transportation Research Record: Journal of the
Transportation Research Board, No. 1809, pp. 137–147.
13. AASHTO T 308-10. (2010). Standard Method of Test for Determining the Asphalt Binder
Content of Hot Mix Asphalt (HMA) by the Ignition Method. Washington, DC: American
Association of State Highway and Transportation Officials.
14. AASHTO T 30-10. (2010). Standard Method of Test for Mechanical Analysis of Extracted
Aggregate. Washington, DC: American Association of State Highway and Transportation
Officials.
15. AASHTO T 312-12. (2012). Preparing and Determining the Density of Hot Mix Asphalt
(HMA) Specimens by Means of the Superpave Gyratory Compactor. Washington, DC:
American Association of State Highway and Transportation Officials.
16. McDaniel, R., and Anderson, R., M. (2001). NCHRP Web Document 30: Recommended
Use of Reclaimed Asphalt Pavement in the Superpave Mix Design Method–Project 9-12.
Final Report.

64
17. AASHTO R 30-10. (2010). Standard Practice for Mixture Conditioning of Hot Mix
Asphalt (HMA). Washington, DC: American Association of State and Highway
Transportation Officials.
18. Coleri, E., Sreedhar, S., Haddadi, S., Wruck, B., and Haynes, M. (2017a). “Adjusting
Asphalt Mixtures For Increased Durability And Implementation Of A Performance Tester
To Evaluate Fatigue Cracking Of Asphalt Concrete”. Final Report. SPR 785, Draft report
for Oregon Department of Transportation, Salem, Oregon, (under review by TAC).
19. AASHTO M 323-12. (2012). Standard Specification for Superpave Volumetric Mix
Design. Washington, DC: American Association of State and Highway Transportation
Officials.
20. AASHTO TP 105-13. (2013). Standard Method of Test for Determining the Fracture
Energy of Asphalt Mixtures Using the Semicircular Bend Geometry (SCB). Washington,
DC: American Association of State and Highway Transportation Officials.
21. Norouzi, A., Kim, D., and Kim, Y., R. (2016). “Numerical Evaluation of Pavement Design
Parameters for the Fatigue Cracking and Rutting Performance of Asphalt Pavements”.
Materials and Structures, 49(9), pp.3619-3634.
22. AASHTO TP 79-13. (2013). Standard Method for Determining the Dynamic Modulus and
Flow Number for Hot Mix Asphalt (HMA) Using the Asphalt Mixture Performance Tester
(AMPT). Washington, DC: American Association of State and Highway Transportation
Officials.
23. Bonaquist, R.F., Christensen, D., W, and Stump, W. (2003). “Simple Performance Tester
for Superpave Mix Design: First-Article Development and Evaluation”. Transportation
Research Board, Vol. 513.
24. Biligiri, K., Kaloush, K., Mamlouk, M., and Witczak, M. (2007). “Rational Modeling of
Tertiary Flow for Asphalt Mixtures”. Transportation Research Record: Journal of the
Transportation Research Board 2001, pp.63-72.
25. Rodezno, M.C., West, R., and Taylor, A. (2015). “Flow Number Test and Assessment of
AASHTO TP 79-13 Rutting Criteria: Comparison of Rutting Performance of Hot-Mix and

65
Warm-Mix Asphalt Mixtures”. Transportation Research Record: Journal of the
Transportation Research Board, (2507), pp.100-107.
26. Francken, L. (1977). Pavement Deformation Law of Bituminous Road Mixtures in
Repeated Load Triaxial Compression. Presented at Fourth International Conference on the
Structural Design of Asphalt Pavements, University of Michigan, Ann Arbor.
27. Coleri, E., Haddadi, S., Sreedhar, S., Lewis, S., Zhang, Y., and Wruck, B. (2017b).
“Binder-Grade Bumping and High Binder Content to Improve Performance of RAP-RAS
Mixtures”. Final Report. SPR 797, Draft report for Oregon Department of Transportation,
Salem, Oregon, (under review by TAC).
28. Seber, G.A.F. (1977). Linear Regression Analysis, John Wiley and Sons.

66

Manuscript 3

Development of a long-term aging protocol for asphalt mixtures

Shashwath Sreedhar1, and Erdem Coleri1

Submitted to: International Journal of Pavement Engineering.

67

4. Manuscript 3

Development of a long-term aging protocol for asphalt mixtures
Shashwath Sreedhar1, and Erdem Coleri1

Abstract:
Asphalt concrete fatigue cracking is recognized as a major distress mode in the U.S. The
widespread nature of this distress and the data from agency Pavement Management Systems
(PMS) suggest that it is an issue with asphalt mixture design and production processes and is not
a problem specific to certain highway construction projects. Since constituents of asphalt mixtures
are continuously increasing (increased recycled asphalt pavement (RAP) and recycled asphalt
shingles (RAS), rejuvenators, compaction aids, warm-mix additives, fibers, rubbers, etc.) and
interactions between these constituents are complicating the mixture design process, relying solely
on the volumetric mixture design is usually not resulting in asphalt mixtures with the highest
possible performance.

Thus, asphalt mixture test methods for rutting and cracking should be

improved and incorporated into current mixture design methods. To achieve reliable cracking
performance, cracking tests should be modified and improved to be able to develop more durable
asphalt mixtures that last for their intended service lives. In this study, the most effective asphalt
mixture long-term aging protocol was determined to achieve reliable semi-circular bend (SCB)
test parameters that are correlated with in-situ cracking performance. The developed aging
protocol will be integrated into the balanced mix design procedures that are currently being
developed in Oregon. Developed asphalt mixture design methods are expected to improve the
longevity of asphalt materials, reduce life-cycle costs for agencies, and improve long-term road
user comfort.
Keywords: aging protocol; cracking; asphalt mixtures; long-term aging; semi-circular bend test;
flexibility index; dynamic shear rheometer.
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4.1. Introduction
Asphalt aging is recognized as one of the important factors causing distress in asphalt pavements.
Asphalt aging occurs during production, construction, and service life of the mixtures. Aging of
the asphalt mixture during production and construction is called as “Short-term aging” while aging
during the use phase is called as “Long-term aging.” Aging of asphalt mixtures is mostly affected
by the aging of the asphalt binder [1]. Aging of asphalt binder associated with the oxidation of the
binder is a major factor controlling the fatigue performance of asphalt mixtures. As the aromatic
compounds in asphalt binders are oxidized, more polar carbonyl compounds are created which
results in increased elastic modulus and viscosity, in other words, stiffening of the binder [2, 3].
Increased viscosity of the binder makes the asphalt mixture less ductile. Baek et al. [4] have
investigated the effects of aging on the linear viscoelastic response (LVE) and damage
characteristics of asphalt mixtures. Four different aging levels were selected: i) short-term aging
(STA) – loose mixture conditioned at 135°C for 4 hours; ii) long-term aging level 1 – compacted
specimens conditioned for 2 days at 85°C after STA; iii) long-term aging level 2 – compacted
specimens conditioned for 4 days at 85°C after STA; and iv) long-term aging level 3 - compacted
specimens conditioned for 8 days at 85°C after STA. It was indicated that aging was a significant
factor in the damage growth. They also stated that aging influences the distribution of stress and
the way damage is accumulated throughout the pavement structure.
A study conducted by Isola et al. [5] evaluated the effectiveness of laboratory aging methods to
simulate the change in asphalt mixture properties in the field. Two aging procedures were used in
this study: 1) heat oxidation conditioning (HOC), and 2) cyclic pore pressure conditioning (CPPC)
for inducement of moisture-related damage. For short-term and long-term aging simulation,
standard short-term oven aging (STOA) and long-term oven aging (LTOA) procedures were used
[6]. Three asphalt mixtures (lime-treated granite mixture, granite mixture, and limestone mixture)
were produced for Superpave IDT testing (indirect tensile test) for four conditioning types (STOA,
STOA plus CPPC, LTOA, LTOA plus CPPC). It was concluded that oxidative aging causes the
reduction of fracture energy (total energy necessary for fracture inducement) and consequently,
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stiffening and embrittling mixtures. CPPC created effectively generated additional damage and
more reduction in fracture energy (FE) and made the aging process more compatible with the
damage observed in the field.
Arega et al. [7] conducted research on evaluating the fatigue cracking resistance of short-term and
long-term aged asphalt mortars with fine aggregate matrix (FAM) and warm mix additives. Two
different binders (PG76-28 and PG64-22) with four additives and one aggregate type were tested
using dynamic mechanical analyzer (DMA) for this study. Fatigue cracking resistance of
specimens were measured before and after long-term aging. For short-term aging, mortars were
aged as a loose mix for four hours at 60°C. Then, one batch was compacted with the Superpave
Gyratory Compactor (SGC), and another batch was further aged for 30 days in the same
environment to simulate long-term aging. It was observed that short-term aged mixtures have a
lower stiffness (G*) with longer fatigue life compared to long-term aged mixtures. However,
fatigue resistance rankings of mixtures with and without long-term aging were determined to be
the same.
Research carried out by Yin et al. [8] had the objectives to develop a correlation between field
aging at one to two years after construction and laboratory LTOA protocols, and to identify factors
that had significant effects on the long term aging of asphalt mixtures. Field cores were obtained
from seven projects during construction and several months after construction, and also raw
materials were procured to produce laboratory specimens that were subjected to selected long term
oven aged protocols. The resilient modulus (MR) and Hamburg wheel tracking tests were carried
out on specimens to evaluate mixture stiffness and rutting resistance of aged asphalt mixtures.
Based on the test results, it was observed that the LTOA protocols of two weeks at 60°C and five
days at 85°C produced mixtures with in-service field aging equivalent to 7-12 months and 12-23
months, respectively. Furthermore, it was also observed that warm mix asphalt (WMA)
technology, recycled materials, and aggregate absorption had a significant impact on long term
aging characteristics of asphalt mixtures.
Kim et al. [9] conducted research under NCHRP project 09-54 with objectives to develop a
standard long-term aging protocol for asphalt mixtures and to develop an asphalt pavement aging
model for mechanistic-empirical (ME) pavement design and analysis. In this study, an accurate
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and efficient binder aging index properties (AIPs) were identified to assess aging levels of field
cores and laboratory aged mixtures. The logarithm of binder shear modulus, log G*, and the total
absorbance under the carbonyl and sulfoxide infrared (IR) peaks were selected as the rheological
and chemical AIP, respectively. For the selection of aging protocol, three factors were
investigated: i) compacted specimen aging versus loose mixture aging; ii) pressure aging versus
oven aging; and iii) 95°C aging temperature versus 135°C. It was observed that aging loose
mixtures led to uniform aging and a significant reduction in aging time compared to compacted
specimen aging. However, difficulties were encountered in compaction of aged loose mixtures for
specimen preparation. Pressure aging expedited the process, but larger pressure aging vessel
(PAV) than the conventional PAV would be required to age a sufficient quantity of loose mixtures
for the specimen preparation. It was also observed that aging at 135°C changed the chemistry of
binder to a level that is not observed in the field. Based on these findings, loose mixture aging in
the oven at 95°C was proposed as the long-term aging protocol for asphalt mixtures for
performance testing.
Chen et al. [10] carried out a research study to select a laboratory loose asphalt mixture aging
protocol for the National Center for Asphalt Technology (NCAT) top-down cracking test. In this
study, the characterization of asphalt mixtures for field aging was carried out using the cumulative
degree days (CDD). CDD was defined as the cumulative days between time of construction to
time of coring for which the daily high temperature was above freezing. This study, incorporated
materials from five projects in Michigan, Washington, and Alabama. Loose mixtures were
subjected to four different aging protocols: 24 hours at 135°C, 12 hours at 135°C, 5 days at 95°C,
and 6 hours at 135°C. Results from the dynamic shear rheometer (DSR), bending beam rheometer
(BBR), and Fourier Transform Infrared Spectroscopy (FT-IR) showed that the 24 hours at 135°C
aging protocol yielded the most significant level of asphalt aging. In addition, there was no
significant difference in oxidative aging of asphalt binders for mixtures aged at 95°C versus 135°C.
Finally, this study recommended an aging protocol of 8 hours at 135°C to simulate field aging.
However, it should be noted that this study did not evaluate the impact of long-term aging on the
cracking resistance of high RAP mixtures.
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Zhu et al. [11] investigated the impacts of asphalt concrete mix design parameters on long-term
aging. This study had twofold objectives: (i) understand the influence of long-term aging on
cracking of asphalt concrete using the Illinois Flexibility Index Test (I-FIT), and (ii) understand
the effect of asphalt concrete mix design parameters on aging. Semi-circular samples prepared
from projects varying in mixture properties such as mixture type, binder type, and content, and
amount of total recycled content, were subjected to two aging methods: 5 days at 85°C and 1 day
at 95°C. After the designated aging period, I-FIT was carried out on samples and was observed
that increase of voids in mineral aggregates (VMA), asphalt binder replacement ratio (ABR),
effective asphalt content, and a decrease of low-temperature true grade results in the reduction of
aging in asphalt concrete. Although the two aging methods considered in this study resulted in
similar aging levels, this study concluded that conditioning 1 day at 95°C yields similar rankings
of mixture performance as observed with 5 days at 85°C.
Based on these research studies, it can be concluded that there are different schools of thoughts
involved in developing an aging method for asphalt concrete, with the major differences being:
aging at higher temperatures for shorter durations versus aging at lower temperatures for longer
durations, and loose mixture aging versus compacted sample aging. Therefore, this research study
was done with the following objectives:
1. Comparing field aging levels with different laboratory simulated aging conditions;
2. Understanding the impact of different aging temperatures and durations on cracking
resistance and cracking performance rankings of asphalt mixtures with different mix design
variables, such as RAP content, binder content, binder type, gradation, additives, etc.; and
3. Developing a long-term aging protocol to be incorporated into the balanced mix design and
performance evaluation process that is currently being developed in Oregon.
4.2. Experimental plan and research methodology
The purpose of this study was to evaluate the impact of laboratory long-term oven aging on
stiffness and cracking resistance of asphalt mixtures and thereby, developing a long-term aging
protocol for performance-based design specifications. To evaluate the impact of aging on plant
and laboratory produced asphalt mixtures, this study was divided into three phases:
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Phase I - Field aging versus laboratory aging:

In this first part, a plant produced asphalt mixture (M1) was subjected to six different aging
conditions. Experimental plan for this phase is given in Table 4.1. The gradation curve for M1 is
shown in Figure 4.1. Aged asphalt mixtures were used to prepare specimens for semi-circular bend
(SCB) testing. Since plant produced mixtures were assumed to have already undergone short-term
aging, no short-term aging is simulated. SCB tests were carried out with the samples aged by
following different protocols given above to compare how well they agree with each other. Then,
the binders from these samples were extracted, and Dynamic Shear Rheometer (DSR) tests were
conducted to determine which aging protocol was similar to 1.5 years of field aging. To be able to
determine the properties of 1.5 year-aged asphalt mixtures, field cores from pavements constructed
using M1 mixture were obtained 1.5 years after construction. Asphalt binders from field cores
were extracted and recovered for DSR testing. Then, DSR test results from field core binders were
compared with the results from lab-produced samples that were subjected to different aging
protocols to determine which aging protocol provides DSR test results that are close to 1.5 yearaged asphalt mixtures.
Table 4.1. Experimental plan for Phase I.
Mix

Test
type

Type

SCB

M1

25

DSR

M1

20, 40, 60 and 70

Temperature (°C)

Aging
Protocol (1)

Total

4

6

24

2

6

72

Replicates

Tests

Note: 1 Aging protocols: 1) No long-term aging (STA); 2) long-term aging for 5 days at 85 °C; 3)
long-term aging for 10 days at 95 °C; 4) long-term aging for 6 hours at 135 °C; 5) long-term aging
for 12 hours at 135 °C; and 6) long-term aging for 24 hours at 135 °C.
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Figure 4.1. Gradation curve for Mix 1 (M1) obtained from the plant.
•

Phase II – The impact of long-term aging on the fatigue cracking resistance of asphalt mixtures
with different PG grades and RAP contents:

In this phase, laboratory samples were produced using two binder grades (PG64-22 and PG 7622) and three RAP contents (15%, 30%, and 40%) and the asphalt content was 6% for all mixtures.
The purpose of this phase was to determine the impact of RAP content and asphalt binder type
(PG grade) on fatigue cracking resistance of asphalt mixtures aged with different protocols in the
laboratory. Theoretically, excessive aging is expected to converge the cracking resistance of high
RAP asphalt mixtures and make quality evaluation of these mixtures harder. Since excessive
mixture aging is expected to get the fatigue cracking resistance of asphalt mixtures closer, it might
be possible to have high RAP mixtures providing equal or better cracking resistance than lower
RAP mixtures for some of the evaluated cases.
In this phase, aggregate and RAP batches were prepared to reach the target gradation shown in
Figure 4.2. Then, aggregates and RAP material were mixed with the asphalt binder to prepare the
asphalt mixture. Loose mixtures were then subjected to different long-term aging protocols as
shown in Table 4.2 after short-term conditioning for 4 hours at 135°C [12]. It should be noted that
samples prepared by using PG76-22 grade binder were subjected to aging conditions 1, 5, 6, and
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7 only as shown in Table 4.2 while mixtures with PG64-22 binder were subjected to all 7 aging
protocols during test specimen preparation.
Table 4.2. Experimental plan for Phase II – SCB test samples.
Binder
Grade

AC
(%)

Aging Protocol1 Temp.

Total

RAP
(%)

Replicates
Tests

15
PG 64-22

All 7

25oC

6.0

30

4

84

4

48

40
15
PG 76-22

1,5,6,7

25oC

6.0

30
40

Note: 1 Long-term aging protocols: 1) 5 days at 85 °C; 2) 12 hours at 95 °C; 3) 24 hours at 95 °C; 4) 72
hours at 95 °C; 5) 6 hours at 135 °C; 6) 12 hours at 135 °C; and 7) 24 hours at 135 °C.
100

Coarse

Percentage Passing (%)

90

Medium

80

Fine

70

RAP

60

RAS

50

Target Gradation

40

30
20
10
0
0.01

0.1

1

10

Sieve Size (mm)
Figure 4.2. Target, extracted RAP, and stockpiled aggregate gradations.
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Phase III – The impact of long-term aging on the fatigue cracking resistance ranking of
different plant produced mixtures:

In this phase, five production mixtures with different mix designs and properties were sampled
from different plants to evaluate the impact of long-term aging on the fatigue cracking resistance
of asphalt mixtures with different binder types, additives, and RAP contents. In this phase, actual
production mixtures designed with current volumetric procedures were used for the aging
evaluation. The purpose of this phase was to determine how long-term aging is changing the
fatigue cracking performance rankings between all five mixtures. If rankings were not significantly
affected by the aging protocol, it might be possible to use an aging protocol with less duration of
aging to be able to complete performance testing and evaluation in a shorter period. Experimental
plan and production mixture properties are given in Table 4.3.
Table 4.3. Mix design details and experimental plan for mixtures used in Phase III.
Pbe 5
(%)

P200/Pbe6

Additive

Aging7

Total
tests

5.6

RAM
AC 4
(%)
4.63

4.74

1.2

5

20

30

5.5

5.36

4.71

1.5

5

20

PG 64-28

30

5.6

5.52

4.59

1.5

5

20

PG 70-28ER
PG 70-28ER

20
20

5.6
5.1

5.80
6.01

4.72
4.50

1.6
1.5

1% Lime
0.0375%
Latex
0.0375%
Latex
1% Lime
1% Lime

5
5

20
20

ID1

Highway
ID

Binder
Grade

RAP 2
(%)

AC 3
(%)

M2

I5

PG 70-22ER

20

M3

OR11

PG 64-28

M4

US20

M5
M6

US97
I84

Note: 1 Nominal maximum aggregate size was 12.5mm for all five mixtures; 2 RAP = Reclaimed asphalt
pavement added by mass; 3 AC = Asphalt content added by mass; 4 RAM AC = Asphalt content by mass
present in reclaimed asphalt material; 5 Pbe = Effective asphalt content present by mass in total mix; 6 P200/Pbe
= Dust to binder ratio present in total mix; 7 1) 6 hours at 135 °C; 2) 12 hours at 135 °C; 3) 12 hours at 95
°C; 4) 24 hours at 95 °C; and 5) 72 hours at 95 °C.

4.3. Materials and asphalt mixture preparation and conditioning
4.3.1. Phase I
Production mix for this phase (M1) was obtained from a local asphalt plant in Portland, Oregon.
Mix 1 (M1) was comprised of 3/8” nominal maximum aggregate size (NMAS) aggregates, 20%
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RAP and PG 70-22ER (polymer modified binder) grade virgin asphalt binder. The binder content
of M1 was 6% by total weight. The gradation curve for M1 is presented in Figure 4.1.
Loose production mixtures sampled from the plant were brought to the laboratory. With the help
of a mechanical splitter, uniform sampling of the mix was performed. Theoretical maximum
specific gravity (Gmm) of each mix type was measured to be able to determine the required amount
of asphalt mixture to achieve 7% air-void content. Short-term aging was not used for plantproduced mixtures while different long-term aging protocols were followed to simulate long-term
aging. After long-term aging, the required amount of asphalt mixtures for different samples were
weighed out and again kept in the oven at the compaction temperature for 2 more hours. The
mixing and compaction temperatures were obtained from viscosity versus temperature plots for
the binder provided by the plants. Cylindrical samples were compacted using a Superpave
Gyratory Compactor (SGC) in accordance with the AASHTO T312-12 [13] specification. Then,
SCB samples were sawn from those cylindrical SGC samples.
4.3.2. Phase II
Laboratory mixed and laboratory compacted samples were used in this phase of the study to
evaluate the impact of RAP content and binder grade on the aging of asphalt mixtures. Table 4.2
shows the mixture properties and the experimental plan followed for this phase of the study. Virgin
aggregates were donated by a local source located in Salem, Oregon. Virgin aggregates were
delivered in three gradations, namely coarse (1/2” to #4), medium (#4 to #8), and fine (#8 to zero).
To determine the gradation of each stockpiled aggregate, wet-sieve and dry-sieve analyses were
performed on multiple samples of each stockpile following AASHTO T 27-14 [14]. RAP was also
provided by the same source in Salem, Oregon. AASHTO T 308-10 [15] was followed for binder
extraction and RAP binder content measurements. The quantity of binder in RAP materials was
determined as 6.22%. AASHTO T 30-10 [16] was followed to determine the gradation of extracted
RAP and RAS aggregates.
A local producer provided the virgin binders with different binder grades (PG 64-22 and PG7622) for this study. Temperature curves, mixing temperatures and compaction temperatures were
provided by the producer as well. Laboratory mixing and compaction temperatures were estimated
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by using the viscosity-temperature lines following the procedure described in Asphalt Institute and
AASHTO T 316-11 [17].
Asphalt mixtures were prepared with 6% binder content in this study. This binder content is the
percentage of the total binder by the weight of the mix, which includes the recycled binder from
RAP and the virgin binder. In this study, it was assumed that all the RAP binder was completely
blended with the virgin binder (100 % blending). Target gradation was obtained from an ODOT
Level 4 dense-graded mix design. All mixtures were designed to reach the target gradation. Target
gradation and the gradations of virgin aggregates and extracted RAP aggregates are presented in
Figure 4.2.
For sample preparation, aggregates and RAP were batched to meet the final gradation and 7%
target air-void content. Then, batched samples were mixed and compacted using AASHTO T 31212 [13] procedure. Before mixing, aggregates were kept in the oven at 10°C higher than the mixing
temperature, RAP materials were kept at 110°C, and binder was kept at the mixing temperature
for 2 hours. After mixing, prepared loose mixtures were kept in the oven for 4 hours at 135°C [12]
to simulate short-term aging. The goal of short-term aging is to simulate the aging and binder
absorption that occurs during mixing and storage phases of the production process. Then, the loose
mixtures were further aged at different temperatures and different durations to simulate long-term
aging prior to compaction.
4.3.3. Phase III
In this phase, five long-term aging protocols were used to age five production mixtures with
different binder grades, RAP contents, binder contents, and additives. Table 4.3 summarizes the
mixture properties and the followed aging protocols. The major purpose of this phase was to
determine the impact of different aging protocols on the fatigue cracking performance rankings of
those five evaluated asphalt mixtures. The sample preparation process used for Phase I production
mixtures was also used in this phase although the long-term conditioning protocols were not
identical for some cases. Sampled production mixtures were assumed to be already short-term
aged since they were obtained from the plant. However, loose mixtures were further subjected to
five long-term aging protocols (6 hours and 12 hours at 135°C, and 12 hours, 24 hours, and 72
hours at 95°C) as shown in Table 4.3.
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4.4.Test methods
4.4.1. Semi-circular bend (SCB) test
SCB tests were conducted in this study to determine cracking performance of asphalt mixtures
after they were subjected to different long-term aging protocols. The test method for evaluating
cracking performance of asphalt concrete at intermediate temperatures developed by Ozer et al.
[18] was followed with few modifications. A displacement rate of 0.5 mm/min was used instead
of 50 mm/min since this slower loading rate was determined to provide results that are better
correlated with actual field performance [19].
Sample Preparation and Testing
130 mm tall samples were compacted in the laboratory according to AASHTO T 312-12. Two
samples with the thickness of 57 ± 2 mm were cut from each gyratory compacted sample using a
high-accuracy saw. Then, the cylindrical samples (cores) were cut into two identical halves.
Tests were conducted at 25°C with a displacement rate of 0.5 mm/min. Samples were kept in the
chamber at the testing temperature for conditioning the day before being tested. The flat side of
semi-circular samples was placed on two rollers. As vertical load with constant displacement rate
is applied on the samples, applied load is measured. The test stops when the load drops below 0.5
kN. FI is the testing parameters obtained from this test.
Flexibility Index (FI)
FI is the ratio of the fracture energy (Gf ) to the slope of the line (m) at the post-peak inflection
point of the load-displacement curve. FI correlates with ductility, and it was developed for asphalt
materials by Ozer et al. [18]. Lower FI values show that the asphalt mixtures are more brittle with
higher crack growth rate. Details regarding the calculation of FI from SCB test results is provided
in Sreedhar et al. [19].
𝐺

𝑓
𝐹𝐼 = 𝐴 × 𝑎𝑏𝑠(𝑚)

Where, A is a unit conversion and scaling coefficient taken as 0.01.

(4.1)
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4.4.2. Binder extraction and recovery and DSR testing
In Phase I, after SCB testing, binders from the tested samples were extracted and recovered
following AASHTO T 319 [20] standard. The purpose of extraction and recovery was to test and
understand the rheological behavior of the aged binders. In order to determine the rheological
properties, DSR testing was conducted with the recovered binders.
DSR tests were conducted with the extracted binder in order to obtain the complex shear modulus
(G*) and phase angle (δ) for all extracted binders at various temperatures and loading frequencies
[21]. These parameters describe the expected performance of the binders, such as the ductility and
resistance to shear deformation when a load is applied (complex shear modulus), and the time lag
between the peak shear stress that is applied to the sample and the resulting peak shear strain that
is experienced by the sample (used to calculate phase angle). A higher phase angle indicates more
viscous behaviour, while a lower phase angle indicates more elastic behaviour. More viscous
behaviour will tend to result in slower crack propagation [22]. For DSR testing, a frequency sweep
test was conducted on all extracted binders at 20°C, 40°C, 60°C, and 70°C temperatures. Two
replicate tests were conducted for each binder type and the average results of the two tests were
used for the analysis. Selected loading frequencies were 0.0628 Hz, 0.628 Hz, 6.28 Hz, 62.8 Hz,
and 94.2 Hz.
4.5.Results and discussion
4.5.1. Phase I - Field aging versus laboratory aging
SCB test results for production mixtures aged according to different protocols
SCB test results for plant mixed laboratory compacted mixtures (M1) subjected to six different
aging protocols are presented in the Figure 4.3. It can be observed that mixtures aged for 24 hours
at 135°C and for 10 days at 95°C yielded similar and lowest flexibility index (FI) values. It was
also observed that for 135°C, decreasing the aging duration exponentially increases FI. For
instance, the FI of asphalt mixture aged for 6 hours at 135°C was about 5. The same mixture aged
for 12 hours at 135°C had a flexibility index of about 2.2 while the one aged for 24 hours had an
average FI of 0.76. In addition, the mixture aged for 5 days at 85°C had almost two times higher
FI than the mixture aged for 6 hours at 135°C. For this reason, shorter aging durations at higher
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temperatures will always be ideal to simulate long-term aging in a shorter time period. However,
a few studies [9, 23, 24] have indicated that heating the binders above 100°C will create a
significant change in the binder chemistry and may result in unrealistic long-term performance
predictions. In addition, damaging the asphalt binder at excessively high aging temperatures (such
135oC used in this study) during loose asphalt mixture aging can result in compactibility issues
during test specimen production. Significantly higher compactive effort (higher number of
gyrations in SGC) that might damage the aggregates and mastic phases in the asphalt mixture
would be required to compact mixtures that were aged at excessively high temperatures.
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Figure 4.3. Target, extracted RAP, and stockpiled aggregate gradations (Error bar = 1
standard deviation).
As stated above, there is a significant drop in FI when the aging protocol was changed from 5 days
at 85°C to 6 hours at 135°C. This result suggested that increasing the temperature from 85°C to
135°C causes rapid stiffening of the binder and mixture. This stiffening results in excessively low
FI values.
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Direct comparison of field and lab aging – DSR test results for extracted and recovered binders
Binder samples for DSR testing were extracted from the tested SCB samples to understand the
rheological behavior of the production mixtures subjected to different aging protocols. Figure 4.4
and Figure 4.5 illustrates the shear modulus (G*) of binders extracted from asphalt mixtures
subjected to different aging protocols. Binders were tested at 20°C, 40°C, 60°C, and 70°C
temperatures and with different loading frequencies. As expected, the binder subjected to only
short-term aging was the softest. The binder aged for 24 hours at 135°C was the stiffest for all test
temperatures except 40°C. However, G* for the binder samples extracted from mixtures aged for
24 hours at 135°C and 10 days at 95°C were very close for all test temperatures and loading
frequencies. This conclusion also agrees with the SCB test results shown in Figure 4.3. In general,
the rankings of different aging conditions from DSR tests are in agreement with the FI values
obtained from SCB tests.
The binder extracted from the field core obtained after 1.5 years of construction had shear modulus
values slightly greater than that of the short-term aged binder but were significantly lower than the
next aging protocol, which is 6 hours at 135°C. Therefore, an aging protocol that is in between
short-term conditioning and 6 hours of oven aging at 135°C simulates 1.5 years of field aging.
Based on the SCB results from the previous section, it can be concluded that long-term
conditioning for 5 days at 85°C is resulting in aging levels close to 2-3 years of field aging. Also,
it can be observed from DSR test results from all aging protocols that asphalt binders conditioned
at 135°C may lead to higher levels of stiffening which might never be experienced in an actual
field condition. A similar result was also observed when the mixture was aged at 95°C but for a
significantly longer period (10 days). Therefore, in the subsequent phases of this study, additional
lower temperature (95°C) cases were incorporated into our experimental plans to be able to
develop an aging protocol that will not excessively age the asphalt mixture and result in unrealistic
conclusions in terms of long-term in-situ performance. Some examples of these possible unrealistic
conclusions can be: i) higher RAP mixtures providing better cracking resistance, and ii) mixtures
with softer binders providing less ductility.
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Figure 4.4. Complex shear modulus of FMLC mixtures subjected to different aging protocols
(a) at 20°C, and (b) at 40°C.
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Figure 4.5. Complex shear modulus of FMLC mixtures subjected to different aging protocols
(a) at 60°C, and (b) at 70°C.
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4.5.2. Phase II – The impact of long-term aging on the fatigue cracking resistance of asphalt
mixtures with different pg grades and rap contents
To evaluate the impact of binder grade and RAP content on aging of asphalt mixtures, SCB test
samples were prepared with two binder grades (PG64-22 and PG76-22) and three RAP contents
(15%, 30%, and 40%) in the laboratory. Prepared loose mixtures were first subjected to 4 hours at
135°C (AASHTO R 30) for short-term conditioning followed by 5 days at 85°C, and 6 hours, 12
hours, and 24 hours at 135°C as long-term conditioning (four aging protocols). In addition, to
understand how aging levels vary at lower temperatures (less than 100°C) as compared to higher
temperatures (135°C or higher), additional mixtures prepared by using the PG64-22 binder were
subjected to 12 hours, 24 hours, and 72 hours of aging at 95°C (three aging protocols). The samples
prepared after the long-term conditioning were subjected to SCB tests and the results are given in
Figure 4.6.
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Figure 4.6. SCB test results for LMLC mixtures subjected to different aging protocols (error
bar = 1 standard deviation).
FI values for mixtures aged for 5 days at 85°C and 24 hours at 95°C were very similar indicating
similar aging levels. Therefore, it is practical to have 24 hours at 95°C as an alternative for 5 days
at 85°C. It was also observed that stiffer binder grade (PG76-22) mixtures were more susceptible
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to aging when compared to mixtures prepared with a softer binder grade (PG64-22). However, it
should be noted that all the mixtures had RAP and that might be significantly controlling the aging
rate.
Interestingly, there were no significant differences between the FI values of mixtures with higher
RAP contents (30% and 40%) aged at 135°C. For 30% and 40% RAP mixtures with PG64-22
binder aged for 6 hours and 12 hours at 135°C, FI trends did not make sense. 40% RAP mixtures
provided higher FI values than 30% RAP mixtures although the FI values very close to each other.
A similar result was obtained for all aging protocols with 135°C aging temperature when the FI
values for the mixtures with PG76-22 binder were evaluated. This result suggested that aging high
RAP mixtures at 135°C creates excessive aging and equalize fatigue cracking resistance and
ductility of asphalt mixtures. This result might also be a result of the changing binder chemistry at
the 135°C aging temperature [9, 23, 24].
On the other hand, FI results for the mixtures aged at 85°C and 95°C were all reasonable.
Increasing RAP content always expected to result in lower FI values, which is a result of increased
stiff binder content (coming from the RAP material) in the mixture and limited blending of the
binder around the RAP [25]. In general, field sections with lower RAP mixtures have higher
cracking resistance than the sections with higher RAP asphalt mixtures when the structure and
traffic conditions are similar [25]. It was also observed in this study that FI values for high RAP
mixtures with PG76-22 binder conditioned at 135°C are extremely low (around 0.2-0.4), which is
making performance comparisons harder. For these reasons, results of this phase suggested that
using 135°C temperature for long-term aging might result in unexpected results for high RAP and
stiff binder mixtures. Cracking resistance of the mixtures conditioned with an aging protocol with
135°C may also not be correlated with the long-term field cracking performance.
4.5.3. Phase III – The impact of long-term aging on the fatigue cracking resistance ranking
of different plant produced mixtures
In this phase of the study, the impact of aging on the cracking resistance rankings of different
production mixtures was investigated. Theoretically, aging reduces the cracking resistance
(measured by flexibility index (FI) from the SCB test in this study) of the asphalt mixture. It was
observed in Phase I that increasing aging temperature and duration exponentially decreases
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measured FI values. The impact of aging duration and temperature on the cracking resistance
rankings of production mixtures with different gradations, RAP contents, additives, modifiers, and
binder types was investigated in Phase III. The major purpose of this phase was to determine
whether aging protocols with less duration and lower temperatures provide the same cracking
resistance rankings as the more severe aging protocols. Lower aging durations are expected to
make the use of long-term aging in balanced mix design and performance-based specifications
more practical. In addition, since the temperatures higher than 100°C were determined to change
the binder chemistry according to previous research studies [9, 23, 24] and Phase II of this study
also showed inconsistent results for high RAP mixtures aged at 135°C, the effectiveness of an
aging protocol with 95°C that will provide reasonable cracking performance was determined in
this phase.
Figure 2.5 shows the results of the SCB tests conducted with five production mixtures aged with
five different aging protocols. It can be observed that aging the mixtures for 12 hours at 135°C
results in the highest level of reduction in FI. In addition, aging at that high temperature almost
equalizes the FI values for all mixtures although they were expected to have significantly different
mixture properties because of the differences in binder contents, binder types, gradations,
additives, and RAP contents (see Table 4.3). For this reason and based on the findings from Phase
II, this aging protocol is not selected in this study.
The aging protocol with 6 hours of aging at 135°C provided almost equal FI values and
performance rankings with the protocol with 72 hours of aging at 95°C. It can also be observed
from Figure 2.5 that performance rankings for mixtures aged at 95°C for 24 hours and 72 hours
are the same while the FI decreases with increased period of aging (as expected).
Based on all results from all three phases, the protocol with 24 hours of aging at 95°C was selected
for the long-term aging protocol for balanced mix design and performance based specifications.
Aging protocols with 135°C temperature aging were not selected based on the suggestions from
previous studies and the inconsistent test results for high RAP mixtures in Phase II. The protocol
with 72 hours of aging at 95°C was also not selected since it requires longer time for mixture
preparation for design and performance evaluation testing and provided the same performance
rankings as the protocol with 24 hours of aging at 95°C. Thus, 24 hours of aging at 95°C was
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selected as the long-term aging protocol in this study. Although this protocol may not be simulating
more than 5 years of aging in the field, it can still provide reasonable levels of aging that is going
to provide cracking performance rankings correlated with the performance of mixtures aged for
longer periods.
24 hours of aging also allows agencies to easily fit this protocol into their schedule for balanced
mix design. Starting mixing in the morning, short-term aging can be completed early afternoon
and the mix can be left in the oven at 95°C for 24 hours. Mix can be stirred couple of times during
the 24 hour long-term aging period and it can be compacted next day early afternoon. Sample
density measurements and cutting can be completed the next day.
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Figure 4.7. SCB test results for PMLC mixtures subjected to different aging protocols (error
bar = 1 standard deviation).
4.6. Summary and conclusions
This study focused on developing a long-term laboratory aging protocol for asphalt mixtures.
Based on the results of this study, the protocol with 24 hours of aging at 95 oC was selected as the
long-term aging protocol for balanced mix design and cracking performance evaluation. To
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evaluate the impact of aging on plant and laboratory produced asphalt mixtures, this study was
divided into three phases:
•

Phase I - Field aging versus laboratory aging:

In the first part, a plant produced asphalt mixture (M1) was subjected to six different aging
conditions and SCB tests were conducted to determine the impact of aging on cracking resistance.
Then, DSR test results from field core binders were compared with the results from lab-produced
samples that were subjected to different aging protocols to determine which aging protocol
provides test results that are close to 1.5 year-aged asphalt mixtures.
•

Phase II – The impact of long-term aging on the fatigue cracking resistance of asphalt mixtures
with different PG grades and RAP contents:

In this phase, laboratory samples were produced using two binder grades (PG64-22 and PG 7622) and three RAP contents (15%, 30%, and 40%) and the asphalt content was 6% for all mixtures.
The purpose of this phase was to determine the impact of RAP content and asphalt binder type
(PG grade) on fatigue cracking resistance of asphalt mixtures aged with different protocols in the
laboratory.
•

Phase III – The impact of long-term aging on the fatigue cracking resistance ranking of
different plant produced mixtures:

In this phase, five production mixtures with different mix designs and properties were sampled
from different plants to evaluate the impact of long-term aging on the fatigue cracking resistance
of asphalt mixtures with different binder types, additives, and RAP contents. In this phase, actual
production mixtures designed with current volumetric procedures were used for the aging
evaluation. The purpose of this phase was to determine how long-term aging is changing the
fatigue cracking performance rankings between all five mixtures.
Results of the three phases yielded the following conclusions:
Phase I:
•

Mixtures aged for 24 hours at 135°C and for 10 days at 95°C yielded similar FI values.

•

For 135°C aging temperature, decreasing the aging duration exponentially increases FI.
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•

Changing the aging protocol from 5 days at 85°C to 6 hours at 135°C results in significantly
lower FI values. This result suggested that increasing the temperature from 85°C to 135°C
causes rapid stiffening of the binder and mixture.

•

An aging protocol that is in between short-term conditioning and 6 hours of oven aging at
135°C simulates 1.5 years of field aging. Based on the SCB results from Phase I, it was
concluded that long-term conditioning for 5 days at 85°C is resulting in aging levels close to
2-3 years of field aging.

•

It was observed from DSR test results from all aging protocols that asphalt binders conditioned
at 135°C may lead to higher levels of stiffening which might never be experienced in an actual
field condition. A similar result was also observed when the mixture was aged at 95°C but for
a significantly longer period (10 days).

Phase II:
•

FI values for mixtures aged for 5 days at 85°C and 24 hours at 95°C were very similar
indicating similar aging levels.

•

Stiffer binder grade (PG76-22) mixtures were more susceptible to aging when compared to
mixtures prepared with a softer binder grade (PG64-22).

•

Aging high RAP mixtures at 135oC creates excessive aging and equalizes fatigue cracking
resistance and ductility of asphalt mixtures. This result might also be a result of the changing
binder chemistry at the 135oC aging temperature [9, 23, 24]. For these reasons, using 135oC
temperature for long-term aging might result in unexpected results for high RAP and stiff
binder mixtures.

•

For high RAP mixtures, FI results for the mixtures aged at 85oC and 95oC were all reasonable
(higher RAP results in lower FI values).

Phase III:
•

For the tested production mixtures, aging the mix at 135oC for 12 hours almost equalizes the
FI values for all mixtures although they were expected to have significantly different mixture
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properties because of the differences in binder contents, binder types, gradations, additives,
and RAP contents.
•

The aging protocol with 6 hours of aging at 135oC provided almost equal FI values and
performance rankings with the protocol with 72 hours of aging at 95oC.

•

Performance rankings for mixtures aged at 95oC for 24 hours and 72 hours are the same.

Based on all results from all three phases, the protocol with 24 hours of aging at 95oC was selected
for the long-term aging protocol for balanced mix design and performance based specifications.
Although this protocol may not be simulating more than 5 years of aging in the field, it can still
provide reasonable levels of aging that is going to provide cracking performance rankings
correlated with the performance of mixtures aged for longer periods.
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Abstract:
According to recent surveys conducted with state Department of Transportations (DOTs) and
asphalt contractors, commonly used asphalt mixture properties, such as voids in mineral aggregate
(VMA), voids filled with asphalt (VFA), and dust-to-binder ratio, are not reflecting the long-term
performance of asphalt mixtures. In addition, there are several new additives, polymers, rubbers,
and high-quality binder types incorporated into asphalt mixtures today. Volumetric mixture design
methods are not capable of capturing the benefits of using all these new technologies on asphalt
mixture performance. Furthermore, the interaction of virgin binders with reclaimed asphalt
pavement (RAP) mixtures with high binder replacement contents and the level of RAP binder
blending into the asphalt mixture are still not well understood. Due to all these complications
related to the more complex structure of today’s asphalt mixtures, simple volumetric evaluations
to determine the optimum binder content may not result in reliable asphalt mixture designs. Two
volumetrically identical mixtures may provide completely different rutting and cracking
performance according to laboratory tests. For all these reasons, in this study performance tests for
rutting and cracking are incorporated into current asphalt mixture design methods to be able to
validate or revise the optimum binder content determined by the volumetric mix design method.
Keywords: Balanced mix design; performance-based specifications; volumetric asphalt mix
design; cracking; rutting; performance tester;
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5.1. Introduction
Asphalt mixtures are designed to be used in pavements to withstand vehicular loads under different
climatic conditions. The goal of asphalt mix design is to determine an economic blend of
aggregates and binder such that the resultant mix provides sufficient stability to resist deformation
under traffic loading, and flexibility to withstand cracking. The most commonly known asphalt
mix design methods are the Marshall, Hveem, and Superpave methods. Marshall and Hveem mix
design procedures were widely used until the early 1990s before Superpave procedure was
introduced. Superpave was developed as part of the Strategic Highway Research Program (SHRP)
and was implemented in 1993. The original objective was to develop a performance-based mix
design process. Although performance tests for asphalt mixtures were a part of the Superpave mix
design process and several procedures were developed to predict and evaluate mixture
performance, the entire process turned out to be too complex and costly and was never
implemented by any state Department of Transportation (DOT). Superpave mix design had three
levels (Level 1, Level 2, and Level 3) with increasing complexity [1]. The performance-based
specifications were to be incorporated in Level 2 and Level 3 designs but were never implemented.
The current asphalt mix design practice (Level 1) involves proportioning of the aggregates and the
asphalt binder based on empirical properties of aggregates and volumetric properties such as
densities, air voids, voids in the mineral aggregate (VMA) and voids filled with asphalt (VFA).
However, most state DOTs and asphalt contractors do not think that commonly used asphalt
mixture properties are reflecting the long-term performance of asphalt mixtures. For instance,
although there are requirements for VMA set by almost all state DOTs, measurement of VMA
relies on the accurate measurement of aggregate bulk specific gravity, while considerable issues
were observed in terms of accuracy and variability during the measurement of this parameter [2].
In addition, there are several new additives, polymers, rubbers, and high-quality binder types
incorporated into asphalt mixtures today. Volumetric mixture design methods are not capable of
capturing the benefits of using all these new technologies on asphalt mixture performance.
Furthermore, the interaction of virgin binders with reclaimed asphalt pavement (RAP) mixtures
with high binder replacement contents and the level of RAP binder blending into the asphalt
mixture are still not well understood. Due to all these complications related to the more complex
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structure of asphalt mixtures, simple volumetric evaluations to determine the optimum binder
content may not result in reliable asphalt mixture designs. Two volumetrically identical mixtures
may provide completely different rutting and cracking performance according to laboratory tests
[3]. For all these reasons, performance tests for rutting and cracking need to be incorporated into
current asphalt mixture design methods to be able to validate or revise the optimum binder content
determined by the volumetric mix design method. Numerous research studies were recently carried
out and are currently being conducted to develop new mix design processes with performance
verification [4-13]. However, this approach is not entirely new and draws upon the existing
methods and procedures while the existing methods need to be revised and improved by
incorporating findings from recent research studies.
Oregon Department of Transportation (ODOT) Research Projects SPR785 and SPR797 [3, 14, 15,
16] constructed the beginnings of a performance-based balanced mix design method for Oregon.
It was suggested that semi-circular bend (SCB) test is the most effective and practical cracking test
that can effectively be used for balanced mix design. It was determined that the typical flexibility
index (FI), an energy parameter calculated using SCB test results, values for production mixtures
(plant-produced) range from 9 to 14. However, more experiments need to be conducted to
determine an exact threshold for FI that will provide acceptable long-term pavement cracking
performance. In these two research projects, flow number (FN) test was used as the experiment
for rutting performance evaluation. For highways with high traffic levels (ESALs > 30 million),
an FN of 740 was suggested by AASHTO TP79-15 (2015) [17] and used in SPR785 and SPR797
as the threshold value for rutting performance acceptance. However, FI and FN threshold numbers
used in these two research projects were not validated using measured field performance. In
addition, mix design strategies suggested in SPR797 (high RAP mixtures with different binder
contents and binder types) were not validated by plant sampling and laboratory testing. The major
objectives of this study are to:
•

determine reliable threshold values for FI and FN values (for Level 3 and Level 4 mixtures
commonly used for pavement construction in Oregon) for balanced mix design and
performance evaluation; and
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•

develop a balanced asphalt mix design method for Oregon by incorporating performance
tests for rutting and cracking into the current volumetric design process.

5.2. Materials, methods, and experimental design
5.2.1. Materials and sample preparation
This section provides information about the materials sampled from five different plants in Oregon
for this study (including virgin binders, virgin aggregates and RAP materials). The state of Oregon
is divided into five different regions by ODOT. One construction project was selected from each
region to have a representative distribution of aggregate types, plants, and binder sources. All the
materials for this study were sampled from asphalt plants located near their respective construction
projects. In this study, two types of asphalt samples were used for testing and evaluation:
•

Plant Mixed-Laboratory Compacted (PMLC) samples: Before construction, loose asphalt
mixtures were collected from the asphalt plant of that particular project to prepare PMLC
samples in the laboratory.

•

Laboratory Mixed-Laboratory Compacted (LMLC) samples: Aggregates, virgin binders
and RAP material used to produce asphalt mixtures for field construction were sampled
from asphalt plants of each project. These materials were used to produce LMLC samples
at the Asphalt Materials Performance Laboratory at Oregon State University.

The mix design variables of the five selected projects considered in this study are summarized in
Table 5.1. These projects varied in binder grade, binder source and content, aggregate source and
gradation, RAP source and gradation, and amount of RAP content. For each mix type, constituents
of the production mixtures were identical to the aggregates, RAP, and binder sampled from the
plant for laboratory sample preparations. Laboratory produced mixtures replicated field mix design
variables except they had four different binder contents: design binder content, -0.5%, +0.5%,
+1%. It should be noted that it is possible to achieve exact binder contents in the laboratory by
using high accuracy scales. However, plant produced mixtures are allowed to have ±0.5%
variability in production binder content. ODOT is currently in the process of changing this
tolerance to ±0.35% to improve accuracy and precision for the binder content of the final product.
It should also be noted that Level 3 ODOT mixtures were designed by finding the required
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optimum binder content to reach 4% air-void content after 80 gyrations of the Superpave Gyratory
Compactor (SGC) while Level 4 ODOT mixtures were design for 100 gyrations.

Gradation

curves for the five projects are given in Figure 5.1. Level 4 mixtures are generally used for
constructing highway sections with high traffic levels while Level 3 mixtures are used for
constructing roadways with relatively lower truck traffic levels.
Table 5.1. Experimental plan for Plant Mixed Field Compacted (PMFC) samples

ID

Highway
ID

M1 a
M2
M3

I5
I84
US97

Mix
Design
Level
Level 4
Level 4
Level 4

M4

OR11

Level 3

PG 64-28

30

5.5

5.36

4.71

1.5

M5

US20

Level 3

PG 64-28

30

5.6

5.52

4.59

1.5

a

Pbe e
(%)

P200/Pbe f
Ratio

5.6
5.1
5.6

RAM
AC d
(%)
4.63
6.01
5.80

4.74
4.50
4.72

1.2
1.5
1.6

Binder
Grade

RAP b
(%)

AC c
(%)

PG 70-22ER
PG 70-28ER
PG 70-28ER

20
20
20

Additive
1% Lime
1% Lime
1% Lime
0.0375%
Latex
0.0375%
Latex

All mixtures had dense gradation and aggregates with a nominal maximum aggregate size of 12.5mm;
RAP = Reclaimed asphalt pavement added by weight; c AC = Asphalt content added by weight;
d
RAM AC = Asphalt content by mass present in reclaimed asphalt material;
e
Pbe = Effective asphalt content present by weight in the total mix; f P200/Pbe = Dust to binder ratio in the mix.
b

100
100
90

Maximum Density Line

80

M1
M2

Percent Passing

70

M3

60

M4

50

M5

40
30
20
10
0
0.075 0.30 0.60 1.18 2.0
0.15
2.36

4.75 6.35

9.5

12.5

19

25

37.5

Sieve Size, mm

Figure 5.1. Aggregate gradations of asphalt mixtures on 0.45 power chart.

Preparation of LMLC specimens
For sample preparation, aggregates and RAP were batched to meet the final gradation and 7% ±
1% air content. Then, batched samples were mixed and compacted by following the AASHTO T
312-12 [18] specification. Before mixing, aggregates were kept in the oven at 10°C higher than
the mixing temperature, RAP materials were kept at 110°C, and binder was kept at the mixing
temperature for 2 hours. After mixing, the AASHTO R 30 [19] recommends conditioning the
prepared loose mixtures for 4 hours at 135°C to simulate short-term aging (STA). The goal of
short-term aging is to simulate the aging and binder absorption that occurs during the production
and silo storage phases. However, for the purpose of practicality and based on the suggestions
from the NCHRP 815 [20], a short-term conditioning period of 2 hours at 135°C was adopted. As
a part of an ongoing ODOT research project SPR801, a long-term aging (LTA) protocol was
developed for the mixtures used in Oregon. Based on the results and recommendations, short-term
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aged loose mixtures were further aged at 95°C for 24 hours to simulate long-term aging. The
conditioning was carried out in a forced draft oven and mixtures were stirred at regular intervals
to ensure uniform aging. After LTA conditioning, mixtures were further kept in the oven at
compaction temperature for 2 more hours prior to compaction. The mixing and compaction
temperatures were obtained from viscosity versus temperature plots for the binder provided by the
plants. Cylindrical samples were compacted using a Superpave Gyratory Compactor (SGC) in
accordance with the AASHTO T312-12 specification.
Preparation of PMLC specimens
Loose production mixtures sampled from the plant were used for PMLC specimen production in
the laboratory. With the help of a mechanical splitter, uniform sampling of the mix was carried out
in the laboratory. Theoretical maximum specific gravity (Gmm) of each mix type was obtained from
the plant to be able to determine the required weight of asphalt mixture to achieve 7% air-void
content. The required amount of mix to achieve 7% air-void content for different samples was
weighed out. Since production mixtures were already exposed to short-term aging during plant
mixing and silo storage, short-term conditioning in the laboratory was not performed. For the
cracking experiments, loose mixtures were further subjected to long-term aging of 24 hours at 95
ºC. After long-term conditioning, asphalt mixtures for SCB test sample preparation were again
kept in the oven at the compaction temperature for 2 more hours before compaction. For the flow
number (rutting) experiments, after weighing out the amount of mixture required for the samples,
asphalt mixtures were kept in the oven at the compaction temperature for 2 hours without
performing long-term aging before compaction.
5.2.2. Test methods
Semi-circular bend (SCB) test
In a previous research study performed at Oregon State University, semi-circular bend (SCB) test
was selected as the most effective cracking experiment to characterize asphalt mixtures used in
Oregon [15]. Therefore, SCB tests were conducted in this study to determine the cracking
resistance of asphalt mixtures and to determine a suitable threshold for the test’s output parameter
(flexibility index) to be used as an acceptance criterion in the proposed balanced asphalt mixture
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design process. Test method for evaluating the cracking performance of asphalt concrete at
intermediate temperatures developed by Ozer et al. [21] was followed with few modifications. A
displacement rate of 0.5 mm/min was used instead of 50 mm/min [15].
130 mm tall samples were compacted in the laboratory according to AASHTO T 312-12. Two
samples with the thickness of 57 ± 2 mm were sawn from each gyratory compacted sample using
a high-accuracy saw. Then, cylindrical samples (cores) were cut into two identical halves using a
special jig. Tests were conducted at 25oC with a displacement rate of 0.5 mm/min. Samples were
kept in the chamber at the testing temperature for conditioning the day before being tested. Flat
side of the semi-circular samples was placed on two rollers. As a vertical load with constant
displacement rate is applied to the samples, applied load is measured via a load cell. Test stops
when the load drops below 0.5 kN. Flexibility index (FI) is the testing parameter obtained from
this test and used for cracking resistance evaluation.
Flexibility Index (FI) is the ratio of the fracture energy (Gf ) to the slope of the line (m) at the postpeak inflection point of the load-displacement curve. FI correlates with ductility, and it was
developed for asphalt materials by Ozer et al. [21]. Lower FI values show that the asphalt mixtures
are more brittle with the higher crack growth rate.
𝐺

𝑓
𝐹𝐼 = 𝐴 × 𝑎𝑏𝑠(𝑚)

(1)

Where, A is a unit conversion and scaling coefficient taken as 0.01.
Flow number (FN) test
Flow number (FN) test is a performance test for evaluating the rutting resistance of asphalt
concrete mixtures [22]. In this test, while constant deviator stress is applied at each load cycle on
the test sample, permanent strain at each cycle is measured. Permanent deformation of asphalt
pavements has three stages: 1) primary or initial consolidation, 2) secondary, and 3) tertiary or
shear deformation [23]. FN is the loading cycle at which the tertiary stage starts after the secondary
stage.
Three 170 mm tall samples were compacted in the laboratory according to AASHTO T 312-12.
Cylindrical cores of 100 mm diameter were cored from each gyratory compacted sample using a
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core drill equipment. In this study, testing conditions and criterion for FN testing described in
AASHTO TP 79-15 for unconfined tests were followed. Recommended test temperature of
54.7°C, determined by LTPPBind Version 3.1 software, is the average design high pavement
temperature at 50% reliability for cities in Oregon with high populations and at a depth of 20 mm
(0.79 in) for surface courses [24]. Tests were conducted at a temperature of 54.7°C with average
deviator stress of 600 kPa and minimum (contact) axial stress of 30 kPa. For conditioning, samples
were kept in a conditioning chamber at the testing temperature for 6 hours prior to being tested.
To calculate FN in this study, the Francken model was used [25].
5.2.3. Experimental design
This study was performed to determine reliable thresholds for performance parameters (FN for
rutting and FI for cracking) and thereby, develop a performance based specification for asphalt
mixture design. In order to achieve this objective, virgin materials and production mixtures were
obtained from five different construction projects spread across the state of Oregon. Semi-circular
bend (SCB) test and Flow number (FN) test were selected as performance indicators for cracking
and rutting, respectively. General experimental plan followed in this study is given in Table
2.3Table 3.3.
Table 5.2. Experimental plan to develop a balanced mix design method.
Specimen
Type a

LMLC

Mix ID b

M1 – M5

Test

Temperature
(°C)

Asphalt
Content (%)

Replicates

Total
Tests

SCB

25

OBC c,

4

80

3

60

4

20

3

15

- 0.5%,
FN

54.7

+ 0.5%,
+ 1%

PMLC
a

M1P – M5P

SCB

25

FN

54.7

OBC

LMLC = Laboratory mixed, and laboratory compacted; PMLC = Plant mixed, and laboratory compacted.
M1 – M5/M1P – M5P = Five LMLC and PMLC mixtures as described in Table 1.
c
OBC = Optimum binder content obtained from volumetric mix design.
b
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5.3.Results and analyses
Materials for the five selected projects spread across the State of Oregon (Table 5.1) were
collected, mixed and compacted. Four different asphalt contents (AC) were used for each project
(see Table 2.3): ACdesign from volumetric mix design, ACdesign -0.5%, ACdesign +0.5%, and ACdesign
+1%. SCB and FN tests were carried out as performance tests for cracking and rutting,
respectively. Four replicate tests were conducted for SCB tests while three replicate tests were
conducted for FN testing. Figure 5.2 and Figure 5.3 present the results of tests for cracking (SCB)
and rutting (FN) performance, respectively.

Level 4 threshold

(6.5%, 6.20)
(6.5%, 7.10)
(6.0%, 5.70)

Level 3 threshold

(6.0%, 2.10)
(6.0%, 6.80)

(D:5.5%, 0.80)

(D:5.6%, 3.50)

(6.5%, 4.10)

(D:5.6%, 5.40)

(6.5%, 2.20)
(6.0%, 5.50)

(5.0%, 2.60)
(6.0%, 1.50)

(5.1%, 2.1)
(5.0%, 1.10)

(D:5.5%, 0.40)

(D:5.6%, 1.30)

(5.0%, 1.40)

(5.0%, 1.10)

(4.5%, 0.70)

Figure 5.2. SCB test results for LMLC samples (Numbers in the parenthesis: (asphalt
content, 1 standard deviation). D: Design asphalt content).
It can be observed from Figure 5.2 that increasing binder content increases Flexibility Index (FI)
for all cases, as expected. It should be noted that M1, M2, and M3 are Level 4 mixtures (designed
with 100 gyrations) whereas, M4 and M5 are Level 3 mixtures (designed with 80 gyrations). M1,
M2, and M3 had significantly higher FI values compared to the other two mixtures. This difference
in FI is a result of the higher RAP content for M4 and M5 mixtures.
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In this study, different thresholds were used for evaluating cracking and rutting resistance of tested
asphalt mixtures. At the end of the study, different thresholds for FN and FI were suggested for
Level 3 and Level 4 mixtures. In this study, M1, M2, and M3 pass the FI criterion of 8 (dotted line
in Figure 5.2) at design binder content and above. But for Level 3 mixtures (M4 and M5), the
criterion is met only at AC above 6%. However, since cracking is the major distress mode in
Oregon and most pavements are failing prematurely from cracking before reaching their design
lives [26], increasing binder content (while checking the impact of increased binder content on
rutting resistance) can be expected to be an effective strategy to improve longevity. Therefore, a
new threshold for the FI value of 10 has been proposed as the performance criterion for cracking
for Level 4 mixtures. At this threshold, only M1 and M3 meet the FI criterion at design binder
content. Although M2 is also a Level 4 mixture, it has a design binder content of 5.1% which is
significantly lower than the other mixtures. Lower binder content for M2 is making it less resistant
to cracking. Also, M4 and M5 did not meet the FI criterion, which is probably expected provided
the fact that they are Level 3 mixtures with higher RAP contents. Based on the results, a threshold
for the FI value of 8 is recommended for Level 3 mixtures as the passing performance criterion for
cracking.
(5.0%, 1625)

Level 4 threshold
Level 3 threshold

(4.5%, 44)
(D: 5.5%, 386)
(5.0%, 662)

(5.0%, 140)
(5.0%, 924)
(6.0, 229)

(D: 5.1%, 284)
(D: 5.6%, 349)
(5.5%, 49)

(6.0%, 76)
(6.5%, 12)

(D: 5.6%, 171)
(6.0%, 253)

(6.5%, 435)
(D: 5.6%, 187)
(6.0%, 186)

(6.0%, 46)

(6.5%, 33)

(6.5%, 1.10)
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Figure 5.3. FN test results for LMLC samples (Numbers in the parenthesis: (asphalt content,
1 standard deviation). D: Design asphalt content).
FN test results for all the mixtures with different asphalt contents are presented in Figure 5.3.
AASHTO TP 79-15 recommends a minimum FN value of 740 for high traffic (ESALs > 30
million). In this study, a minimum threshold of 800 was considered for FN. It can be observed in
Figure 5.3 that all the mixtures irrespective of their levels pass that criterion at the design binder
content indicating that mixtures used in Oregon are typically rut resistant. This further suggests
that the balanced mix design approach for asphalt mixtures in Oregon is expected to result in
increased asphalt contents. In this study, FN thresholds of 800 and 1,000 were recommended as
the rutting performance criterion for Level 3 and Level 4 mixtures, respectively. At these
thresholds, all the mixtures except M5 met the criterion for rutting at the design binder content.
Figure 5.4 presents the performance space diagram for all the five mixtures (LMLC) with different
asphalt contents evaluated in this study. Based on the results of SCB and FN tests, for Level 4
mixtures, threshold values of FI 10 and FN 1,000 were proposed as performance criteria for
cracking and rutting, respectively. For Level 3 mixtures, FI of 8 and FN of 800 were selected as
the performance criteria for balanced mix design. In Figure 5.4, the upper right corner indicates
the acceptance region. Mixtures with rutting and cracking performance falling in this acceptance
region can be selected as final mix designs. From Figure 5.4, only M1 and M3 met both rutting
and cracking performance criteria at the design binder content (coming from volumetric design).
Therefore, existing mix design specifications should be modified to incorporate performance
indicators to improve the fatigue performance of asphalt pavements in Oregon.

107

Acceptance
Region

Figure 5.4. Performance space diagram for LMLC asphalt mixtures (mixtures at design
asphalt content are circled).
Balanced mix design approach helps in determining the binder content range that satisfies both
cracking and rutting performance criteria. Minimum binder content is the lowest asphalt binder
percentage allowed in the mix to satisfy the FI threshold of 10 for Level 4 mixtures and FI of 8 for
Level 3 mixtures. Maximum asphalt content is the highest percentage that satisfies the rutting
criteria, FN value of 1,000 for Level 4 mixtures and 800 for Level 3 mixtures. Figure 5.5 depicts
an example balanced mix design chart for M2. Based on the volumetric mix design, M2 has an
asphalt content of 5.1%. From Figure 5.2, it can be observed that M2 fails to meet the cracking
criterion at the design asphalt content. However, with the balanced mix design approach, the
minimum asphalt required is about 5.3% (see Figure 5.5). This increased binder content is expected
to significantly improve the cracking resistance of M2 while keeping it in the acceptable region
for rutting performance. Based on Figure 5.5, the acceptable range of asphalt content for M2 ranges
from 5.3% to 5.5%.
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3500
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y = 0.0072e 1.3718x
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2500
15
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5
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0

Flow Number
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20

2E+06e-1.336x

500
0

4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0

Asphalt Content (%)
Figure 5.5. Balanced mix design example for M2.
By following the balanced mix design process described in Figure 5.5, binder content ranges to
meet both rutting and cracking performance criteria were determined. Table 5.3 presents the ranges
of acceptable binder contents obtained for all five mixtures evaluated in this study. Different
thresholds were presented for all mixtures to present the impact of selected performance criteria
on the binder content range. It can be observed that the acceptable range for binder content
decreases as the threshold values for performance criteria increase. The only exception in this table
is M5 where the minimum required asphalt content to meet the performance specification for
cracking is higher than the maximum asphalt content required to meet the criterion for rutting. In
cases similar to M5, it is required to re-design (starting from volumetric design followed by
balanced mix design) the mixture by changing the gradation, RAP content, binder type, and/or
binder grade.
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Table 5.3. The acceptable range of AC intervals for different performance specifications.

Mix ID

M1

M2

M3

M4

M5

Performance Criteria
Cracking
Rutting
(FI)
(FN)
8
800
8
1,000
10
800
10
1,000
8
800
8
1,000
10
800
10
1,000
8
800
8
1,000
10
800
10
1,000
8
800
8
1,000
10
800
10
1,000
8
800
8
1,000
10
800
10
1,000

ACdesign

5.6

5.1

5.6

5.5

5.6

Minimum
AC for FI
(%)
4.90
4.90
5.10
5.10
5.10
5.10
5.30
5.28
5.05
5.05
5.30
5.30
6.00
6.00
6.20
6.20
6.25
6.25
6.60
6.60

Maximum
AC for FN
(%)
5.90
5.70
5.90
5.70
5.65
5.50
5.65
5.50
6.00
5.85
6.00
5.85
6.60
6.50
6.60
6.50
5.90
5.75
5.90
5.75

Figure 5.6 and Figure 5.7 show SCB and FN test results for LMLC and PMLC samples at 0.5%
below and above the design asphalt content. The purpose was to determine how the performance
of LMLC samples rank against the performance of PMLC samples and whether the performancebased specifications derived from LMLC samples be extended to PMLC mixtures. It can be
observed from Figure 5.6 that for all Level 4 mixtures, FI values for PMLC samples are between
the FI values for LMLC samples with +0.5% and -0.5% optimum binder content. This result
suggests that the differences in laboratory and plant asphalt mixture production did not introduce
any bias into SCB test results for Level 4 mixtures of this study. However, FI values for Level 3
PMLC mixtures (M4 and M5) are significantly higher than the FI values for the LMLC samples
with +0.5% and -0.5% optimum asphalt content. This may be a result of the presence of small
amount of latex used in the mixture (about 0.0375% by weight of mix) during laboratory sample
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production. This amount is significantly low for single sample production in the laboratory and
most of the added latex may not be properly blending into the asphalt mixture. On the other hand,
significantly larger scale production at the drum plants might be more effective in blending latex
into the asphalt mixtures. For this reason, better blending of the latex might be resulting in higher
FI values for PMLC samples.
30
Level 4 threshold

25
Level 3 threshold

Flexibility Index

20

15

10

5

0
ACd - ACd PMLC ACd - ACd PMLC ACd - ACd PMLC ACd - ACd PMLC ACd - ACd PMLC
0.5% +0.5%
0.5% +0.5%
0.5% +0.5%
0.5% +0.5%
0.5% +0.5%

M1

M2

M3

M4

M5

Figure 5.6. SCB test results for the design binder content obtained from volumetric mix
design (error bar = 1 standard deviation).
FN results of PMLC samples are significantly lower than the results for LMLC samples at 0.5%
below and above the design asphalt content as observed in Figure 5.7. This result suggests that FN
test is very sensitive to the differences in laboratory and plant asphalt mixture production.
Although FN values for PMLC samples are significantly lower than LMLC samples for all
mixtures evaluated in this study, FN values for PMLC and LMLC samples are still correlated when
the results for M4 are not considered. The effectiveness of Hamburg Wheel Tracking Test (HWTT)
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for rutting performance evaluation should also be investigated in a future study to determine its
effectiveness in rutting performance characterization for balanced mix design.
6000
Level 4 threshold
5000
Level 3 threshold

Flow Number

4000

3000

2000

1000

0
ACd - ACd PMLC ACd - ACd PMLC ACd - ACd PMLC ACd - ACd PMLC ACd - ACd PMLC
0.5% +0.5%
0.5% +0.5%
0.5% +0.5%
0.5% +0.5%
0.5% +0.5%

M1

M2

M3

M4

M5

Figure 5.7. FN test results for the design binder content obtained from volumetric mix design
(error bar = 1 standard deviation).
5.4.Summary and conclusions
Existing asphalt mixture design methods do not consider performance criteria and rely on
volumetric properties to predict field performance. From an environmental and sustainable
standpoint, the use of recycled asphalt materials in asphalt mixtures are also becoming increasingly
common. A drawback of this practice is a possible reduction in ductility of the asphalt mixture,
which causes a significant reduction in the fatigue life of the pavement in many cases. In Oregon,
asphalt pavements are commonly failing prematurely due to cracking-related distresses,
necessitating costly rehabilitation and maintenance at intervals of less than half of the intended
design lives in some cases.
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Most state DOTs and asphalt contractors do not think that commonly used asphalt mixture
properties, such as voids in mineral aggregate (VMA), voids filled with asphalt (VFA), and dustto-binder ratio, reflect the long-term performance of asphalt mixtures. In addition, there are several
new additives, polymers, rubbers, and high quality binder types incorporated into asphalt mixtures
today. Volumetric mixture design methods are not capable of capturing the benefits of using all
these new technologies on asphalt mixture performance.
For all these reasons, by using low-cost, practical, and efficient performance testing procedures, it
is necessary to accurately quantify the impact of using higher RAP content, new additives, and
higher quality binders on the cracking and rutting resistance of the pavements. In this study, a
balanced mix design process was developed to design asphalt mixtures by evaluating rutting (by
conducting flow number tests) and cracking (by conducting semi-circular bend tests) performance.
The major conclusions derived from this study are as follows:
1. Level 4 mixtures (M1, M2, and M3) had significantly higher FI values compared to the
Level 3 mixtures. This difference in FI is a result of the higher RAP content for M4 and
M5 mixtures.
2. Based on the results of SCB and FN tests, for Level 4 mixtures, threshold values of FI 10
and FN 1,000 were proposed as performance criteria for cracking and rutting, respectively.
For Level 3 mixtures, FI of 8 and FN of 800 were selected as the performance criteria for
balanced mix design.
3. Only M1 and M3 met both rutting and cracking performance criteria (specified in the
previous conclusion) at the design binder content (coming from volumetric design).
Therefore, existing mix design specifications should be modified to incorporate
performance indicators to improve the durability of asphalt pavements in Oregon.
4. M2 fails to meet the cracking criterion at the design asphalt content. However, with the
balanced mix design approach, the minimum asphalt required is about 5.3% (see Figure 5).
This increased binder content is expected to significantly improve the cracking resistance
of M2 while keeping it in the acceptable region for rutting performance.
5. Based on the balanced mix design process, the acceptable range for binder content
decreases as the threshold values for performance criteria increase. The only exception in
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this study is M5 where the minimum required asphalt content to meet the performance
specification for cracking is higher than the maximum asphalt content required to meet the
criterion for rutting. In cases similar to M5, it is required to re-design (starting from
volumetric design followed by balanced mix design) the mixture by changing the
gradation, RAP content, binder type, and/or binder grade.
6. For all Level 4 mixtures, FI values for PMLC samples are between the FI values for LMLC
samples with +0.5% and -0.5% optimum binder content. This result suggests that the
differences in laboratory and plant asphalt mixture production did not introduce any bias
into SCB test results for Level 4 mixtures of this study.
7. FI values for Level 3 PMLC mixtures (M4 and M5) are higher than the FI values for the
LMLC samples with +0.5% and -0.5% optimum asphalt content. This may be a result of
the presence of small amount of latex used in the mixture (about 0.0375% by weight of
mix). This amount is significantly low for single sample production in the laboratory and
most of the added latex may not be properly blending into the asphalt mixture. On the other
hand, significantly larger scale production at the drum plants might be more effective in
blending latex into the asphalt mixtures. For this reason, better blending of the latex might
be resulting in higher FI values for PMLC samples.
8. FN results of PMLC samples are significantly lower than the results for LMLC samples at
0.5% below and above the design asphalt content. This result suggests that FN test is very
sensitive to the differences in laboratory and plant asphalt mixture production. Although
FN values for PMLC samples are significantly lower than LMLC samples for all mixtures
evaluated in this study, FN values for PMLC and LMLC samples are still correlated when
the results for M4 are not considered. The effectiveness of Hamburg Wheel Tracking Test
(HWTT) for rutting performance evaluation should also be investigated in a future study
to determine its effectiveness in rutting performance characterization for balanced mix
design.

114
Acknowledgments
This paper describes research activities that were requested and sponsored by the Oregon
Department of Transportation (ODOT). The contents of this paper reflect the views of the authors
and do not reflect the official views or policies of the State of Oregon or Federal Highway
Administration. Federal and State sponsorship and interest are gratefully acknowledged. The
authors thank the members of the ODOT Project Technical Advisory Committee and ODOT
research for their advice and assistance. The authors would also like to thank Mike Stennett of
ODOT who organized material sampling. The authors would also like to thank Blaine Wruck,
Matthew Haynes, Vikas Kumar, Douglas Keys, Taylor Van Gordon, Jonathan Weinberg, Nicole
Nickerson, Alex Sutherland, Erick Moreno, and Diane Fankhanel for their help with sieving,
batching, and sample preparation, as well as James Batti for his help in the laboratory.

References
1. Cominsky, R. J., Huber, G. A., Kennedy, T. W., and Anderson, M. (1994). The Superpave
mix design manual for new construction and overlays (No. SHRP-A-407). Washington,
DC: Strategic Highway Research Program.
2. West, R., C. Rodezno, F. Leiva, F. Yin. (2018). Development of a framework for balanced
mix design. Project NCHRP 20-07/Task 406.
3. Coleri, E., S. Sreedhar, S. Haddadi, B. Wruck, and M. Haynes. (2017b). Adjusting asphalt
mixtures for increased durability and implementation of a performance tester to evaluate
fatigue cracking of asphalt concrete. Final Rep. No. SPR 785. Salem, OR: Oregon Dept.
of Transportation.
4. Epps, J. A., Hand, A., Seeds, S., Schulz, T., Alavi, S., Ashmore, C., Monismith, C., Decon,
A., Harvey, J. T., and Leahy, R. (2002). Recommended performance-related specification
for hot-mix asphalt construction: results of the Wes Track project, NCHRP Report 455.
Washington, DC: Transportation Research Board.

115
5. Zhou, F., Hu, S., and Scullion, T. (2006). Integrated asphalt (overlay) mixture design,
balancing rutting and cracking requirements (No. FHWA/TX-06/0-5123-1). Texas
Transportation Institute, Texas A and M University System.
6. Harvey, J., Wu, R., Signore, J., Basheer, I., Holikatti, S., Vacura, P., and Holland, T. J.
(2014). Performance-based specifications: California experience to date. Transportation
Research Circular, (E-C189).
7. Cooper III, S. B., Mohammad, L. N., Kabir, S., and King Jr, W. (2014). Balanced asphalt
mixture design through specification modification: Louisiana's experience. Transportation
Research Record, 2447(1), 92-100.
8. Williams, R. C., Hill, D. L., Hofmann, K., Zelenock, M., and Bausano, J. (2004).
Development of laboratory performance test procedures and trial specifications for hot mix
asphalt. No. RC-1410. Michigan. Dept. of Transportation.
9. Bennert, T., Sheehy, E., Hanson, D., Gresavage, S., and Fee, F. (2014). Implementation of
performance-based specifications for asphalt mix design and production quality control for
New Jersey. Application of Asphalt Mix Performance-Based Specifications, 13.
10. Hughes, C. S., and Maupin, G. W. (2000). The journey toward end result specifications for
asphalt concrete. No. VTRC 01-TAR7. Virginia Transportation Research Council.
11. Dave, E. V., and Koktan, P. (2011). Synthesis of performance testing of asphalt concrete.
Report MnDOT 2011-22.
12. Kim, Y. R., Guddati, M., Underwood, B. S., Lacroix, A., Baek, C., Eslaminia, M., and
Bartucca, J. (2011). Hot mix asphalt performance-related specifications based on
viscoelastoplastic continuum damage (VEPCD) Models. Quarterly Research Progress
Report: October–December.
13. Zhou, F., Scullion, T., Walubita, L., and Wilson, B. (2014). Implementation of a
performance-based mix design system in Texas. Application of Asphalt Mix PerformanceBased Specifications, 32.

116
14. Coleri, E., S. Haddadi, S. Sreedhar, S. Lewis, Y. Zhang, and B. Wruck. (2017a). Bindergrade bumping and high binder content to improve performance of RAP-RAS mixtures.
Final Rep. No. SPR 797. Salem, OR: Oregon Dept. of Transportation.
15. Sreedhar, S., Coleri, E., and Haddadi, S. S. (2018). Selection of a performance test to assess
the cracking resistance of asphalt concrete materials. Construction and Building Materials,
179, 285-293.
16. Haddadi, S. S., Coleri, E., and Sreedhar, S. (2019). Strategies to improve performance of
reclaimed asphalt pavement-recycled asphalt shingle mixtures. International Journal of
Pavement Engineering, 1-12.
17. AASHTO TP 79-13. (2013). Standard method for determining the dynamic modulus and
flow number for hot mix asphalt (HMA) using the asphalt mixture performance tester
(AMPT). Washington, DC: American Association of State and Highway Transportation
Officials, 2013.
18. AASHTO T 312-12. (2012). Preparing and determining the density of hot mix asphalt
(HMA) Specimens by Means of the Superpave Gyratory Compactor. Washington, DC:
American Association of State Highway and Transportation Officials, 2012.
19. AASHTO R 30-10. (2010). Standard practice for mixture conditioning of hot mix asphalt
(HMA). Washington, DC: American Association of State and Highway Transportation
Officials, 2010.
20. Newcomb, D., Martin, A.E., Yin, F., Arambula, E., Park, E.S., Chowdhury, A., Brown, R.,
Rodezno, C., Tran, N., Coleri, E. and Jones, D. (2015). Short-term laboratory conditioning
of asphalt mixtures (No. Project 09-52). 2015.
21. Ozer, H., Al-Qadi, I. L., Lambros, J., El-Khatib, A., Singhvi, P., and Doll, B. (2016).
Development of the fracture-based flexibility index for asphalt concrete cracking potential
using modified semi-circle bending test parameters. Construction and Building Materials,
115, 2016, 390–401.

117
22. Bonaquist, R.F., Christensen, D., W., and Stump, W. (2003). Simple performance tester
for superpave mix design: first-article development and evaluation. Transportation
Research Board, 2003, Vol. 513.
23. Biligiri, K., Kaloush, K., Mamlouk, M., and Witczak, M. (2007). Rational modeling of
tertiary flow for asphalt mixtures. Transportation Research Record: Journal of the
Transportation Research Board 2001, 2007, pp.63-72.
24. Rodezno, M.C., West, R. and Taylor, A. (2015). Flow number test and assessment of
AASHTO TP 79-13 rutting criteria: comparison of rutting performance of hot-mix and
warm-mix asphalt mixtures. Transportation Research Record: Journal of the
Transportation Research Board, (2507), 2015, pp.100-107.
25. Francken, L. (1977). Pavement deformation law of bituminous road mixtures in repeated
load triaxial compression. Presented at Fourth International Conference on the Structural
Design of Asphalt Pavements, University of Michigan, Ann Arbor, 1977.
26. Oregon Department of Transportation, Pavement Services Unit. 2012 Pavement Condition
Report, 2013.

118

6. Summary and conclusions
This research study focuses on developing a performance-based mix design procedure for asphalt
materials. In order to achieve this objective, this research study was divided into four interrelated
components. The first part of the study focuses on characterizing the cracking performance of
asphalt pavements in Oregon by considering four tests commonly used to evaluate fatigue cracking
resistance. Based on the results, the most cost-effective and accurate test procedure for agencies
and contractors was developed. In the second part, the impacts of asphalt mixture properties, such
as binder content, air-void content, aggregate gradation, and polymer modification, on cracking
performance of asphalt mixtures were determined. In the third part of the study, impact of longterm aging on cracking performance were determined and a long-term aging protocol for Oregon
asphalt mixtures was developed. Finally, reliable thresholds for performance tests were determined
for the development of a balanced mix design procedure. In addition, based on the test results,
statistical analysis, and through the developed balanced mix design procedure, several strategies
were suggested to combat the issue of early age pavement fatigue cracking.
Existing asphalt mixture design methods do not consider performance criteria and rely solely on
the volumetric properties of the asphalt mix to predict field performance. From an environmental
and sustainable standpoint, the use of recycled asphalt materials in asphalt mixtures are also
becoming increasingly common. A drawback of this practice is a possible reduction in ductility of
the asphalt mixture, which causes a significant reduction in the fatigue life of the pavement in
many cases. In Oregon, asphalt pavements are commonly failing prematurely due to crackingrelated distresses, necessitating costly rehabilitation and maintenance at intervals of less than half
of the intended design lives in some cases.
For all these reasons, by using low-cost, practical, and efficient performance testing procedures, it
is necessary to accurately quantify the impact of using higher RAP content, new additives, and
higher quality binders on the cracking and rutting resistance of the pavements. In this study, a
balanced mix design process was developed to design asphalt mixtures by evaluating rutting (by
conducting flow number tests) and cracking (by conducting semi-circular bend tests) performance.
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The goal of this study is to provide a better decision-making structure during the pavement design
stage to address fatigue cracking susceptibility, with the intent of avoiding premature pavement
failure and expensive early maintenance and rehabilitation. Additionally, the study aims to reliably
increase the recycled materials content in asphalt pavement through advanced testing procedures
and design recommendations proposed in this study. These recommendations will facilitate the
implementation of a new asphalt mixture design process which is expected to reduce the life cycle
cost of pavements in Oregon, reduce network-level pavement roughness and increase the
sustainability of the paving industry.
Conclusions based on the experimental and analytical findings, recommendations, and suggested
future research are discussed in the following sections.

6.1. Selection of a Performance Test to Assess the Cracking Resistance of Asphalt Concrete
Materials
•

SCB and IDT tests are the most practical and reliable tests that can be used to evaluate the
cracking resistance of asphalt mixtures. The SCB test holds a slight advantage against IDT
in terms of practicality since just one gyratory sample is required for each mixture type
whereas a minimum of two SGC samples are required for IDT testing for each mixture
type.

•

The flexibility index parameter is an effective parameter in differentiating cracking
resistance of asphalt concrete mixtures.

•

Variability in test results for BBF and DTCF tests were determined to be very high. These
two tests were also determined to be ineffective in predicting the in-situ performance of
asphalt pavements. Specimen preparation and testing were also determined to be time
consuming and labor intensive.

•

Mixing method (laboratory or plant) does not have any significant effect on measured
cracking performance.
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•

Compaction method significantly affects the measured cracking resistance. For this
reason, SCB test results for SGC compacted specimens cannot be directly compared to the
results from field roller compacted specimens. Although compaction type was determined
to affect the measured cracking resistance, it is not expected to affect the ranking of
performance for different asphalt mixtures.

6.2. Effects of Binder Content, Density, Gradation, and Polymer Modification on Cracking
and Rutting Resistance of Asphalt Mixtures Used in Oregon
•

Polymer modification plays an important role in imparting ductility to the mix and thereby
significantly increases the cracking resistance of the asphalt mix.

•

Binder content significantly affected the measured flexibility index. A 0.7% increase in
binder content increased the flexibility index by 2 to 3 times. This observed significant
effect of increased binder content on cracking performance suggests that increasing binder
content of asphalt mixtures currently used in Oregon can create significant savings and
improve pavement longevity.

•

Air-void content (density) significantly affected the measured flexibility index. A 2%
reduction in air-void content increases the flexibility index by 1.5 to 2 times. For this
reason, producing asphalt mixtures that are easy to compact and utilizing intelligent
compaction technologies that are currently being implemented in Oregon can potentially
create a significant improvement in the cracking resistance of asphalt mixtures.

•

The stiffness of the laboratory-mixed samples were, in general, higher than that of the
plant mixed samples. One of the important reasons for this difference might be the shortterm aging simulation in the laboratory. Four hours of aging at 135oC to simulate shortterm aging for LMLC samples may be creating stiffer mixtures.

•

FN values for all the asphalt mixtures were greater than 740, which is the recommended
FN for the traffic level of more than 30 million ESALs. These results suggest that all tested
mixtures are stiff enough to resist any rutting failures in the field. This result further
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suggests that increasing binder content is not going to result in rutting failures in the field,
while increased binder content will significantly improve cracking resistance of asphalt
mixtures. In other words, increasing binder content is an effective strategy to improve the
longevity of Oregon pavements.
•

Increased dust content makes the mix drier and reduces the asphalt film thickness around
the aggregates. Thus, reduced binder content and film thickness reduces the flexibility
index of the asphalt mix. Therefore, mixtures with high dust-to-binder ratios are expected
to be more susceptible to fatigue cracking. For this reason, decreasing the dust-to-binder
ratio by limiting the dust content and/or increasing the binder content will provide asphalt
mixtures with higher cracking resistance.

6.3.Development of a Long-Term Aging Protocol for Asphalt Mixtures
Phase I - Field aging versus laboratory aging:
•

For 135°C aging temperature, decreasing the aging duration exponentially increases FI.

•

An aging protocol that is in between short-term conditioning and 6 hours of oven aging at
135°C simulates 1.5 years of field aging. Based on the SCB results from Phase I, it was
concluded that long-term conditioning for 5 days at 85°C is resulting in aging levels close to
2-3 years of field aging.

•

It was observed from SCB and DSR test results from all aging protocols that asphalt binders
conditioned at 135°C may lead to higher levels of stiffening which might never be experienced
in an actual field condition. A similar result was also observed when the mixture was aged at
95°C but for a significantly longer period (10 days).

Phase II – The impact of long-term aging on the fatigue cracking resistance of asphalt mixtures
with different PG grades and RAP contents:
•

FI values for mixtures aged for 5 days at 85°C and 24 hours at 95°C were very similar
indicating similar aging levels.
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•

Stiffer binder grade (PG76-22) mixtures were more susceptible to aging when compared to
mixtures prepared with a softer binder grade (PG64-22).

•

Aging high RAP mixtures at 135oC creates excessive aging and equalize fatigue cracking
resistance and ductility of asphalt mixtures. This result might also be a result of the changing
binder chemistry at the 135oC aging temperature. For these reasons, using 135oC temperature
for long-term aging might result in unexpected results for high RAP and stiff binder mixtures.

•

For high RAP mixtures, FI results for the mixtures aged at 85oC and 95oC were all reasonable
(higher RAP results in lower FI values).

Phase III – The impact of long-term aging on the fatigue cracking resistance ranking of different
plant produced mixtures:
•

For the tested production mixtures, aging the mix at 135oC for 12 hours almost equalizes the
FI values for all mixtures although they were expected to have significantly different mixture
properties because of the differences in binder contents, binder types, gradations, additives,
and RAP contents.

•

The aging protocol with 6 hours of aging at 135oC provided almost equal FI values and
performance rankings with the protocol with 72 hours of aging at 95oC.

•

Performance rankings for mixtures aged at 95oC for 24 hours and 72 hours are the same.

Based on all results from all three phases, the protocol with 24 hours of aging at 95 oC was selected
for the long-term aging protocol for balanced mix design and performance based specifications.
Although this protocol may not be simulating more than 5 years of aging in the field, it can still
provide reasonable levels of aging that is going to provide cracking performance rankings
correlated with the performance of mixtures aged for longer periods.
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6.4. Developing Performance-Based Specifications for Asphalt Mixture Design in Oregon
•

Level 4 mixtures (M1, M2, and M3) had significantly higher FI values compared to the
Level 3 mixtures. This difference in FI is a result of the higher RAP content for M4 and
M5 mixtures.

•

Based on the results of SCB and FN tests, for Level 4 mixtures, threshold values of FI 10
and FN 1,000 were proposed as performance criteria for cracking and rutting, respectively.
For Level 3 mixtures, FI of 8 and FN of 800 were selected as the performance criteria for
balanced mix design.

•

Only M1 and M3 met both rutting and cracking performance criteria (specified in the
previous conclusion) at the design binder content (coming from volumetric design).
Therefore, existing mix design specifications should be modified to incorporate
performance indicators to improve the durability of asphalt pavements in Oregon.

•

M2 fails to meet the cracking criterion at the design asphalt content. However, with the
balanced mix design approach, the minimum asphalt required is about 5.3% (see Figure 5).
This increased binder content is expected to significantly improve the cracking resistance
of M2 while keeping it in the acceptable region for rutting performance.

•

Based on the balanced mix design process, the acceptable range for binder content
decreases as the threshold values for performance criteria increase. The only exception in
this study is M5 where the minimum required asphalt content to meet the performance
specification for cracking is higher than the maximum asphalt content required to meet the
criterion for rutting. In cases similar to M5, it is required to re-design (starting from
volumetric design followed by balanced mix design) the mixture by changing the
gradation, RAP content, binder type, and/or binder grade.

•

For all Level 4 mixtures, FI values for PMLC samples are between the FI values for LMLC
samples with +0.5% and -0.5% optimum binder content. This result suggests that the
differences in laboratory and plant asphalt mixture production did not introduce any bias
into SCB test results for Level 4 mixtures of this study.

•

FI values for Level 3 PMLC mixtures (M4 and M5) are higher than the FI values for the
LMLC samples with +0.5% and -0.5% optimum asphalt content. This may be a result of
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the presence of small amount of latex used in the mixture (about 0.0375% by weight of
mix). This amount is significantly low for single sample production in the laboratory and
most of the added latex may not be properly blending into the asphalt mixture. On the other
hand, significantly larger scale production at the drum plants might be more effective in
blending latex into the asphalt mixtures. For this reason, better blending of the latex might
be resulting in higher FI values for PMLC samples.
•

FN results of PMLC samples are significantly lower than the results for LMLC samples at
0.5% below and above the design asphalt content. This result suggests that FN test is very
sensitive to the differences in laboratory and plant asphalt mixture production. Although
FN values for PMLC samples are significantly lower than LMLC samples for all mixtures
evaluated in this study, FN values for PMLC and LMLC samples are still correlated when
the results for M4 are not considered. The effectiveness of Hamburg Wheel Tracking Test
(HWTT) for rutting performance evaluation should also be investigated in a future study
to determine its effectiveness in rutting performance characterization for balanced mix
design.

6.5. Recommendations and future work
In the fourth manuscript (Chapter 5.0), flow number and SCB experiments were conducted with
several production mixtures from different sources to develop a distribution of FI and FN for
Oregon mixtures. Based on the results, threshold values of FI 10 and FN 1,000 were proposed as
performance criteria for cracking and rutting, respectively for Level 4 mixtures. For Level 3
mixtures, FI of 8 and FN of 800 were selected as the performance criteria for balanced mix design.
Pilot sections should be constructed with the asphalt mixtures designed by following these new
performance criteria. Cracking and rutting performance of the sections constructed with these
mixtures should be monitored to validate the acceptable thresholds for FN and FI.
Results from the first manuscript (Chapter 2.0) showed that SCB testing and flexibility index
parameter can effectively be used to characterize the cracking resistance of asphalt mixtures. The
effectiveness of SCB testing to identify moisture sensitivity and low-temperature cracking
resistance of Oregon asphalt mixtures should also be determined. On the other hand, FN results of
PMLC samples were significantly lower than the results for LMLC samples. This result suggests
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that FN test is very sensitive to the differences in laboratory and plant asphalt mixture production.
The effectiveness of Hamburg Wheel Tracking Test (HWTT) for rutting performance evaluation
should also be investigated in a future study to determine its effectiveness in rutting performance
characterization for balanced mix design.
Results from the second manuscript (Chapter 3.0) showed that binder content significantly affected
the measured flexibility index. A 0.7% increase in binder content increased the flexibility index
by 2 to 3 times while the increased binder content did not result in FNs lower than the required
threshold (FN>740). This observed significant effect of increased binder content on cracking
performance suggested that increasing binder content of asphalt mixtures currently used in Oregon
can create significant savings and improve pavement longevity. However, field verification of this
finding needs to be sought. Pilot sections should be constructed with mixtures with binder contents
higher than the design binder contents. Suggestions with higher FIs (>15) should be selected for
pilot section construction to minimize the risk of cracking. Since rutting is going to be the expected
failure distress for these highly flexible mixtures, rutting performance of the sections should be
monitored for 2 to 4 years.
The results of this study also showed that air-void content (density) significantly affected the
measured flexibility index. A 2% reduction in air-void content increases the flexibility index by
1.5 to 2 times. For this reason, producing asphalt mixtures that are easy to compact can create
significant benefits. For this reason, in a future study, compactibility of asphalt mixtures designed
with current mix design process (mostly controlled by gyration levels) should be determined by
preparing lab samples with the SGC and hydraulic roller compactor (HRC) (directly simulating
field compaction). The compactive effort required for different mix designs should be quantified
using the HRC. The impacts of filler content, gradation, aggregate size, binder type, binder content,
additives (rejuvenators and warm mix technologies), thickness of the layer being compacted,
maximum aggregate size to lift thickness ratio, and temperature (to evaluate the impact of time
between roller and paver) on compactive effort should be quantified by using both SGC and HRC.
Required gyration levels and parameters for mix design to achieve 95-96% density during
construction should be determined. Pilot sections should be constructed to determine the
effectiveness of using the suggested mix design process and guidelines to achieve higher density.
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The results of third manuscript (Chapter 4.0) proposed a protocol with 24 hours of aging at 95°C
as the long-term aging technique for balanced mix design and performance based specifications.
Although this result suggested that similar levels of aging was observed as with the current aging
protocol (5 days at 85°C), it is necessary to investigate the level of field aging that is being
simulated. Cores from field sections constructed by using the mixtures investigated in this study
should be removed at regular intervals (every 2-3 years) and binders extracted from those cores
should be tested to determine the correlation between field aging and the laboratory aging protocol
developed in this study. This will help to validate the proposed protocol for long-term aging. The
possibility of developing an aging versus flexibility index reduction curve to use for long-term
aging effect prediction should also be investigated. In addition, it was concluded in the fourth
manuscript (Chapter 5.0) that FN values for PMLC mixtures were significantly lower than the FN
values for the LMLC samples. This might be due to the standard short-term conditioning protocol
followed during the preparation of the laboratory samples. Short-term aging for 4 hours at 135°C
may be over aging the mix and not directly simulating the aging happening during asphalt
production. Therefore, effectiveness of the standard short-term aging protocol should also be
investigated to accurately simulate short-term asphalt aging in the laboratory.
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A. Supplementary material of Manuscript 1 through Manuscript 4
A.1.

Pavement management system data sheets (PMS) for field sections

Field specimens were collected from the following sections: Sections US20-U and OR99-U with
no cracking and sections OR99W-C and OR99EB with cracking. The pavement condition data
were obtained from ODOT’s PMS database. Figure A.1 through Figure A.4 illustrate the PMS
data for the four sections.

137

Figure A.1: PMS for OR-22 Sublimity Section.

138

Figure A.2: PMS for OR-99W Junction City.
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Figure A.3: PMS for OR-99W Brutscher St.
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Figure A.4: PMS for OR-99EB Jcy Hwy.
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A.2.

Gmm and air voids

Table A.1 through Table A.3 shows Gmm and air voids for Mix 1, Mix 2 and Mix 3 respectively:
Table A.1: Gmm and air voids for Mix 1.

ID

SCB_5.3AC_5.0AV_S1
SCB_5.3AC_7.0AV_S1
SCB_6.0AC_5.0AV_S1
SCB_6.0AC_7.0AV_S1
DM_5.3AC_5.0AV_S1
DM_5.3AC_5.0AV_S2
DM_5.3AC_7.0AV_S1
DM_5.3AC_7.0AV_S2
DM_6.0AC_5.0AV_S1
DM_6.0AC_5.0AV_S2
DM_6.0AC_7.0AV_S1
DM_6.0AC_7.0AV_S2

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of SSD
sample in air,
B (g)

mass of
sample in
water, C (g)

Gmb
(A/(B-C))

Gmm
(g/cm3)

Air
voids
(%)

5430.5
5319.0
5331.0
5238.0
7143.0
7127.0
7009.0
6992.0
7025.5
7017.5
6874.5
6868.5

5440.5
5352.0
5341.0
5256.0
7155.0
7139.0
7026.0
7007.0
7035.0
7026.0
6889.0
6885.0

3192.0
3102.0
3098.0
3011.0
4205.0
4194.0
4084.5
4067.5
4087.0
4084.0
3956.5
3949.0

2.415
2.364
2.377
2.333
2.421
2.420
2.383
2.379
2.383
2.385
2.344
2.339

2.562
2.562
2.518
2.518
2.562
2.562
2.562
2.562
2.518
2.518
2.518
2.518

5.73
7.73
5.61
7.34
5.49
5.54
6.99
7.16
5.36
5.27
6.90
7.09
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Table A.2: Gmm and air voids for Mix 2.

ID

SCB_5.3AC_5.0AV_S1
SCB_5.3AC_7.0AV_S1
SCB_6.0AC_5.0AV_S1
SCB_6.0AC_7.0AV_S1
DM_5.3AC_5.0AV_S1
DM_5.3AC_5.0AV_S2
DM_5.3AC_7.0AV_S1
DM_5.3AC_7.0AV_S2
DM_6.0AC_5.0AV_S1
DM_6.0AC_5.0AV_S2
DM_6.0AC_7.0AV_S1
DM_6.0AC_7.0AV_S2

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of
SSD sample
in air, B (g)

mass of
sample in
water, C (g)

Gmb
(A/(B-C))

Gmm
(g/cm3)

Air
voids
(%)

5441.5
5343.6
5365.5
5248.5
7131.0
7127.0
6987.0
6978.0
7020.0
7015.0
6869.0
6875.0

5451.0
5365.6
5373.5
5259.0
7140.5
7137.0
7004.5
6998.0
7029.0
7025.5
6884.5
6895.0

3212.0
3129.8
3142.5
3032.5
4217.0
4206.5
4058.5
4074.0
4100.5
4103.5
3969.5
3978.0

2.430
2.390
2.405
2.357
2.439
2.432
2.372
2.386
2.397
2.401
2.356
2.357

2.561
2.561
2.526
2.526
2.561
2.561
2.561
2.561
2.526
2.526
2.526
2.526

5.10
6.68
4.79
6.68
4.76
5.04
7.39
6.82
5.10
4.96
6.71
6.70
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Table A.3: Gmm and air voids for Mix 3.
A
ID

SCB_5.3AC_5.0AV_S1
SCB_5.3AC_7.0AV_S1
SCB_6.0AC_5.0AV_S1
SCB_6.0AC_7.0AV_S1
DM_5.3AC_5.0AV_S1
DM_5.3AC_5.0AV_S2
DM_5.3AC_7.0AV_S1
DM_5.3AC_7.0AV_S2
DM_6.0AC_5.0AV_S1
DM_6.0AC_5.0AV_S2
DM_6.0AC_7.0AV_S1
DM_6.0AC_7.0AV_S2

mass of
sample in
air, A (g)
5434.0
5305.0
5393.6
5281.8
7088.5
7095.5
6943.5
6936.5
7075.5
7055.5
6898.0
6906.5

B
mass of
SSD
sample in
air, B (g)
5445.0
5330.4
5402.6
5301.2
7103.5
7108.5
6970.0
6961.5
7089.5
7052.0
6910.5
6919.0

C
mass of
sample in
water, C
(g)
3206.4
3097.2
3166.6
3064.4
4175.0
4184.0
4044.5
4043.5
4173.0
4140.0
3986.5
3995.0

D

E

F

Gmb
(A/(B-C))

Gmm
(g/cm3)

Air voids
(%)

2.427
2.376
2.412
2.361
2.421
2.426
2.373
2.377
2.426
2.423
2.359
2.362

2.550
2.550
2.538
2.538
2.550
2.550
2.550
2.550
2.538
2.538
2.538
2.538

4.81
6.84
4.96
6.96
5.08
4.85
6.92
6.78
4.41
4.53
7.05
6.93

144
A.3.

An example of batching sheet

The following example (Table A.4 and Table A.5) shows the procedure of calculating the quantity
of materials for the Mix 1 with 20% RAP, 5.3% binder content and binder grade of PG 70-22ER.
Table A.4: Quantity of virgin aggregates and RAP materials for the mixture with 20% RAP,
5.3% binder content, and binder grade of PG 70-22ER.
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Table A.5: Quantity of binder, RAP materials, and total aggregates for Mix 1 with 20% RAP,
5.3% binder content, and binder grade of PG 70-22ER.
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A.4. Gmm and air voids
Table A.6 through Table A.10 shows Gmm and air voids for Mix 1, Mix 2 and Mix 3
respectively:
Table A.6: Gmm and air voids for I5: Grants Pass.

ID

AC5.0_FN_R1
AC5.0_FN_R2
AC5.0_FN_R3
AC5.6_FN_R1
AC5.6_FN_R2
AC5.6_FN_R3
AC6.0_FN_R1
AC6.0_FN_R2
AC6.0_FN_R3
AC6.5_FN_R1
AC6.5_FN_R2
AC6.5_FN_R3
AC5.0_SCB
AC5.6_SCB
AC6.0_SCB
AC6.5_SCB

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of SSD
sample in
air, B (g)

mass of
sample in
water, C (g)

Gmb
(A/(BC))

Gmm
(g/cm3)

Air
voids
(%)

7235.5
7236.5
7234.0
7162.0
7162.0
7160.0
7114.0
7115.5
7110.0
7053.5
7051.0
7054.5
5529.5
5474.5
5435.0
5390.5

7265.5
7269.0
7272.5
7185.5
7191.0
7187.0
7136.0
7136.0
7132.0
7069.0
7070.5
7071.0
5555.5
5495.5
5452.5
5411.0

4330.5
4331.0
4335.5
4252.0
4252.0
4250.0
4207.0
4204.5
4199.0
4147.5
4139.5
4143.5
3308.0
3247.5
3206.5
3168.5

2.465
2.463
2.463
2.441
2.437
2.438
2.429
2.427
2.424
2.414
2.406
2.410
2.460
2.435
2.420
2.404

2.664
2.664
2.664
2.637
2.637
2.637
2.620
2.620
2.620
2.598
2.598
2.598
2.664
2.637
2.620
2.598

7.46
7.54
7.54
7.42
7.59
7.55
7.30
7.36
7.48
7.07
7.40
7.25
7.65
7.65
7.64
7.48
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Table A.7: Gmm and air voids for I84: Tower Road.

ID

AC4.5_FN_R1
AC4.5_FN_R2
AC4.5_FN_R3
AC5.1_FN_R1
AC5.1_FN_R2
AC5.1_FN_R3
AC5.5_FN_R1
AC5.5_FN_R2
AC5.5_FN_R3
AC6.0_FN_R1
AC6.0_FN_R2
AC6.0_FN_R3
AC4.5_SCB
AC5.1_SCB
AC5.5_SCB
AC6.0_SCB

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of SSD
sample in
air, B (g)

mass of
sample in
water, C (g)

Gmb
(A/(BC))

Gmm
(g/cm3)

Air
voids
(%)

7077.0
7076.0
7079.5
7011.0
7017.5
6911.5
6963.5
6965.5
6969.5
6906.0
6906.0
6913.0
5407.0
5356.5
5325.0
5284.0

7132.5
7130.0
7135.5
7044.5
7051.5
6961.5
6987.0
6998.5
6997.0
6927.5
6928.5
6937.0
5452.0
5383.5
5347.5
5301.5

4220.0
4211.0
4220.5
4127.5
4130.5
4041.0
4073.5
4084.0
4079.0
4013.0
3994.0
4022.0
3222.5
3159.0
3122.0
3066.5

2.430
2.424
2.429
2.403
2.402
2.367
2.390
2.390
2.388
2.370
2.353
2.372
2.425
2.408
2.393
2.364

2.606
2.606
2.606
2.581
2.581
2.581
2.565
2.565
2.565
2.545
2.545
2.545
2.606
2.581
2.565
2.545

6.76
6.98
6.81
6.88
6.92
8.31
6.82
6.82
6.88
6.89
7.53
6.82
6.94
6.70
6.72
7.10
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Table A.8: Gmm and air voids for US97: Algoma/Spring Creek.

ID

AC5.0_FN_R1
AC5.0_FN_R2
AC5.0_FN_R3
AC5.6_FN_R1
AC5.6_FN_R2
AC5.6_FN_R3
AC6.0_FN_R1
AC6.0_FN_R2
AC6.0_FN_R3
AC6.5_FN_R1
AC6.5_FN_R2
AC6.5_FN_R3
AC5.0_SCB
AC5.6_SCB
AC6.0_SCB
AC6.5_SCB

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of SSD
sample in
air, B (g)

mass of
sample in
water, C (g)

Gmb
(A/(BC))

Gmm
(g/cm3)

Air
voids
(%)

6805.0
6813.0
6814.0
6751.5
6748.5
6746.0
6701.0
6714.0
6715.5
6655.0
6654.0
6659.5
5203.5
5156.5
5131.0
5086.5

6864.0
6860.0
6870.0
6780.0
6777.5
6773.0
6731.5
6741.5
6745.0
6684.5
6680.0
6684.5
5245.0
5180.5
5164.0
5116.0

3946.5
3940.0
3951.0
3871.5
3860.5
3862.0
3817.0
3828.5
3820.5
3764.0
3758.5
3764.5
3013.0
2959.0
2934.0
2889.5

2.332
2.333
2.334
2.321
2.314
2.317
2.299
2.305
2.296
2.279
2.278
2.281
2.331
2.321
2.301
2.285

2.507
2.507
2.507
2.485
2.485
2.485
2.472
2.472
2.472
2.452
2.452
2.452
2.507
2.485
2.472
2.452

6.96
6.93
6.89
6.59
6.90
6.74
6.99
6.76
7.11
7.07
7.11
6.99
7.01
6.59
6.92
6.83
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Table A.9: Gmm and air voids for OR11: Pendleton.

ID

AC5.0_FN_R1
AC5.0_FN_R2
AC5.0_FN_R3
AC5.5_FN_R1
AC5.5_FN_R2
AC5.5_FN_R3
AC6.0_FN_R1
AC6.0_FN_R2
AC6.0_FN_R3
AC6.5_FN_R1
AC6.5_FN_R2
AC6.5_FN_R3
AC5.0_SCB
AC5.6_SCB
AC6.0_SCB
AC6.5_SCB

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of SSD
sample in
air, B (g)

mass of
sample in
water, C (g)

Gmb
(A/(BC))

Gmm
(g/cm3)

Air
voids
(%)

7041.0
7045.0
7046.0
6988.0
6991.0
6982.5
6900.0
6896.5
6892.5
6846.0
6843.5
6841.5
5358.0
5307.0
5266.0
5225.0

7118.0
7116.5
7125.5
7060.0
7066.0
7050.5
6962.0
6954.0
6965.0
6907.0
6899.0
6907.0
5413.5
5354.0
5322.5
5269.0

4189.5
4189.0
4198.0
4119.0
4145.5
4132.5
4048.0
4053.0
4053.5
4004.5
3994.0
3996.0
3190.0
3140.0
3099.5
3051.5

2.404
2.406
2.407
2.376
2.394
2.393
2.368
2.377
2.367
2.359
2.356
2.350
2.410
2.397
2.369
2.356

2.593
2.593
2.593
2.572
2.572
2.572
2.552
2.552
2.552
2.532
2.532
2.532
2.593
2.572
2.552
2.532

7.28
7.19
7.18
7.62
6.93
6.96
7.21
6.85
7.24
6.85
6.96
7.18
7.07
6.80
7.18
6.94
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Table A.10: Gmm and air voids for US20: Jack Lake Road.

ID

AC5.0_FN_R1
AC5.0_FN_R2
AC5.0_FN_R3
AC5.6_FN_R1
AC5.6_FN_R2
AC5.6_FN_R3
AC6.0_FN_R1
AC6.0_FN_R2
AC6.0_FN_R3
AC6.5_FN_R1
AC6.5_FN_R2
AC6.5_FN_R3
AC5.0_SCB
AC5.6_SCB
AC6.0_SCB
AC6.5_SCB

A

B

C

D

E

F

mass of
sample in air,
A (g)

mass of SSD
sample in
air, B (g)

mass of
sample in
water, C (g)

Gmb
(A/(BC))

Gmm
(g/cm3)

Air
voids
(%)

6757.5
6760.5
6761.0
6703.0
6697.0
6702.0
6664.0
6662.0
6659.5
6615.0
6614.0
6609.5
5171.0
5122.5
5093.5
5052.5

6840.5
6829.0
6838.5
6775.0
6755.0
6770.5
6719.0
6722.0
6706.5
6661.5
6668.0
6654.0
5239.5
5182.0
5143.5
5100.0

3911.5
3904.5
3912.5
3857.0
3838.0
3849.0
3809.0
3805.0
3796.0
3758.5
3761.5
3750.5
3004.5
2953.0
2929.0
2880.0

2.307
2.312
2.311
2.297
2.296
2.294
2.290
2.284
2.288
2.279
2.276
2.276
2.314
2.298
2.300
2.276

2.502
2.502
2.502
2.479
2.479
2.479
2.465
2.465
2.465
2.446
2.446
2.446
2.502
2.479
2.465
2.446

7.79
7.61
7.65
7.34
7.39
7.46
7.10
7.35
7.18
6.84
6.97
6.93
7.53
7.30
6.69
6.95

