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Executive Summary

Conventional asphalt mixture design methodologies such as Superpave, Marshall, and Hveem
are commonly used to determine the optimal asphalt binder content. These methods rely on
physical and volumetric laboratory measurements to ensure that the proportion and quantity of
asphalt binder meet stability and durability requirements. However, as the use of recycled
materials increases, there is a need to develop additional laboratory tests to assess the quality of
asphalt binder and complement the Superpave volumetric mixture design procedure. An
important component in successful mixture design is the balance between volumetric
composition and material compatibility. Balanced asphalt mixture design offers innovation in
designing mixtures for the performance and evaluation of design quality, relative to the
anticipated performance, using a rational approach. The 2016 Louisiana Department of
Transportation and Development (DOTD) Specifications for Roads and Bridges introduced the
concept of balanced mixture design by incorporating the Hamburg wheel tracking (HWT) and
semi-circular bend (SCB) tests to evaluate high and intermediate temperature performance,
respectively. However, the state's quality control/assurance (QC/QA) specifications and practices
have not been updated accordingly; they only consider volumetric properties to ensure that
mixtures are produced as intended and perform as expected in the field. This research aims to
address this gap by proposing a methodology to implement performance tests for rutting and
cracking during the QC/QA phases in Louisiana, specifically focusing on the practical
implementation of the SCB test.

In the asphalt mixture design process, the 2016 Louisiana DOTD Specifications for Roads and
Bridges specify a criterion for the critical strain energy release rate (Jc) obtained from the SCB
test for different traffic levels. Typically, the SCB test is conducted on compacted samples that
have been conditioned according to AASHTO R 30, which involves subjecting the samples to a
temperature of 85°C for 5 days to simulate long-term aging (LTA) in the laboratory. However,
QC/QA practices are time-sensitive, making it impractical to include LTA SCB samples in these
tests. Therefore, this research developed two approaches for the prediction of LTA SCB Jc: (1) a
scaling factor to forecast SCB Jc at 5 days aging from SCB Jc at 0 days aging, and (2) a model
using artificial neural network (ANN) methodology to predict the LTA SCB Jc of asphalt
mixtures, incorporating variables such as aging duration, mixture volumetric properties, and the
chemical and rheological characteristics of asphalt binders as inputs. Both approaches eliminate
the need for the long-term conditioning of plant-produced asphalt mixture samples, making it
practical for the implementation of the SCB test in QC/QA testing.



The objectives of this study were: (1) to develop a specification for the implementation of the
SCB test during the field QC/QA phases of asphalt mixture production and construction, and (2)
to develop prediction approaches for forecasting the LTA SCB Jc of asphalt mixtures. To achieve
these goals, 14 field projects with a reliable plant record of mixture consistency were identified
and selected throughout Louisiana. The 14 asphalt mixtures were compacted and subjected to
laboratory oven aging at 85°C for varying durations (0-, 2-, 5-, 7-, and 10-days), followed by
SCB testing. Asphalt binders were extracted and recovered from the aged SCB samples for
chemical and rheological characterization. Chemical characterization involved Saturate,
Aromatic, Resin, and Asphaltene (SARA) analysis, Fourier transform spectroscopy (FTIR), and
gel permeation chromatography (GPC) tests. Rheological tests included Superpave performance
grading, frequency sweep, linear amplitude sweep (LAS), and multiple stress creep recovery
(MSCR) tests. The GPC analysis revealed that the maltene and high-molecular weight
components (with molecular weight greater than 19,000 Dalton (> 19K)) of the asphalt binders
decreased with increasing aging levels, while the medium-molecular weight and asphaltene
components (with molecular weight between 3,000 and 19,000 Dalton (3-19K)) increased due to
oxidative aging. The asphaltene content (from SARA analysis) and carbonyl index (CI, from
FTIR analysis) of asphalt binders increased with longer aging durations. The 47c parameter
obtained from the BBR test indicated larger negative values with increased aging levels,
indicating a decrease in stress relaxation capability. SCB Jc exhibited a strong correlation with
ATc and a moderate correlation with 4745 (a parameter from the LAS test). These observations
suggest a relationship between the molecular structure of the asphalt binder due to aging, the
rheological characteristics of the asphalt binder, and the fracture properties of the asphalt
mixture. Using the SCB Jc data with various aging days, a scaling factor was developed to
project SCB Jc at 5 days aging from SCB Jc at 0 days aging.

A comprehensive materials database was constructed using the testing data from this research,
along with data from existing studies. Statistical analysis of the collected data using the stepwise
regression method identified several significant parameters for determining the SCB Jc of
asphalt mixtures, including aging level, effective binder content (Pye), aggregate percentage
passing the #4 sieve (P4), asphalt binder film thickness (FT), and asphalt binder modification
level (PM). The ANN approach, employing the gradient descent backpropagation process,
proved effective in predicting the LTA SCB Jc of asphalt mixtures. The predictive ANN model
accurately forecasted the fracture performance (LTA SCB Jc) of asphalt mixtures, as evidenced
by a R? value of 0.95 and a root-mean-square deviation (RMSE) value of 0.042. Additionally, a
user-friendly interface was developed for implementation in Louisiana DOTD's asphalt mixture
QC/QA programes.



Abstract

The growing use of recycled asphalt materials in asphalt pavement poses durability concerns
due to the replacement of virgin asphalt binder with recycled binder. The current volumetric-
based Superpave mixture design is insufficient in addressing these concerns. To supplement
conventional volumetric design, performance-based testing was introduced to assess the
cracking performance of asphalt mixtures. The Louisiana DOTD Specifications for Roads and
Bridges recommend using the critical strain energy release rate, Jc, obtained from the semi-
circular bend (SCB) test, as a complement to evaluate the cracking resistance of asphalt
mixtures. However, the requirement of long-term aging (LTA) for SCB samples at 85°C for 5
days is time-consuming for quality control/assurance (QC/QA) practices. Therefore,
estimating SCB Jc for long-term aged asphalt mixtures based on unaged asphalt binder and
mixture properties is beneficial. The objective of this study was to develop practical methods
to predict SCB Jc of LTA asphalt mixtures for use in QC/QA programs. Fourteen field asphalt
mixtures from throughout Louisiana were selected for this study. Loose asphalt mixtures
were compacted, laboratory aged at 85°C for 0-, 2-, 5-, 7-, and 10-days, and followed by SCB
testing. Asphalt binders were extracted and recovered from the aged SCB samples for
chemical and rheological characterization. Chemical characterization included Saturate,
Aromatic, Resin, and Asphaltene (SARA) analysis, Fourier transform infrared spectroscopy
(FTIR), and gel permeation chromatography (GPC) tests. The rheological tests performed
were Superpave performance grading, frequency sweep, linear amplitude sweep (LAS), and
multiple stress creep recovery (MSCR) tests. GPC analysis revealed changes in asphalt binder
components with increased aging levels, while the rheological characterization indicated a
decrease in cracking resistance. SCB test results demonstrated a reduction in fracture
resistance with increased aging. Stepwise regression analysis identified significant parameters
correlated with SCB Jc, such as asphalt binder film thickness (FT), percent passing from sieve
#4 (P4), aging level (day), asphalt binder polymer modification level (PM), and effective
asphalt binder content (Pve). An ANN model utilizing gradient descent backpropagation was
developed, validated, and able to accurately predict the LTA fracture parameter SCB Jc of
asphalt mixtures. In summary. two approaches were developed for the prediction of LTA SCB
Je: (1) a scaling factor that can be implemented to forecast SCB Jc at 5 days aging from SCB
Jc at 0 days aging, and (2) a user-friendly interface for the proposed ANN model. Both
approaches are recommended for implementation in Louisiana DOTD’s asphalt mixture
QC/QA programes.
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Implementation Statement

It is anticipated that the results of this study will provide guidance to state agencies in
QC/QA processes to shorten the time required for asphalt mixture aging prior to the SCB
test. Two approaches were developed for the prediction of LTA SCB Jc: (1) a scaling
factor to forecast SCB Jc at 5 days aging from SCB Jc at 0 days aging, and (2) a model
using artificial neural network (ANN) methodology to predict the LTA SCB Jc of asphalt
mixtures, incorporating variables such as aging duration, mixture volumetric properties,
and the chemical and rheological characteristics of asphalt binders as inputs. Both
approaches eliminate the need for the long-term conditioning of plant-produced asphalt
mixture samples, making it practical for the implementation of the SCB test in QC/QA
testing.
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Introduction

Asphalt pavement is designed to withstand traffic loads while minimizing deterioration.
Cracking is a significant distress that occurs in asphalt pavement, particularly at
intermediate and low temperatures. The increased usage of sustainable materials, such as
reclaimed asphalt pavement (RAP), in asphalt pavement can lead to high stiffness in the
asphalt mixture due to the introduction of aged asphalt binder. This introduces concerns
regarding durability that cannot be adequately addressed by the current volumetric-based
Superpave asphalt mixture design [1-3].

To overcome this limitation, performance-based testing is being introduced to
complement the conventional volumetric asphalt mixture design and assess the cracking
and rutting performance of asphalt mixtures. The Louisiana Department of
Transportation and Development (DOTD) Specifications for Roads and Bridges specify
the semi-circular bend (SCB) test as a complementary method to evaluate cracking
resistance [4-6]. The SCB test is performed on long-term aged (LTA) samples that
undergo a 5-day conditioning process at 85°C to simulate the long-term aging of asphalt

mixtures in the laboratory.

Currently, the quality control/quality assurance (QC/QA) specifications in Louisiana
focus primarily on controlling the volumetric and physical properties of asphalt mixtures,
without incorporating fundamental properties obtained from mechanistic tests to assess
cracking resistance [7]. By implementing the SCB test in QC/QA procedures, the quality
of asphalt mixtures in terms of cracking resistance can be monitored during production
and construction.

However, a challenge arises from the requirement of a 5-day laboratory aging process for
the SCB test, as stipulated by AASHTO R30, Standard Practice for Laboratory
Conditioning of Asphalt Mixtures, to simulate long-term aging in the field. Clearly, a 5-
day aging duration is impractical for the implementation of the SCB test in QC/QA
procedures. Although several research studies have attempted to develop expedited
laboratory aging methods, there is currently no reliable and practical method with a
consensus on its effectiveness [8-9]. Therefore, there is a need to explore alternative
approaches that can estimate the cracking resistance of long-term aged asphalt mixtures
without the lengthy aging process.



Literature Review

Asphalt mixtures undergo both short-term and long-term aging processes. Short-term
aging occurs during production and construction stages due to the high temperatures
involved, while long-term aging continues throughout the service life of the pavement
under the combined effects of traffic and environmental loading. As a composite material,
the aging state of an asphalt mixture depends on various volumetric properties, including
air voids, asphalt content, asphalt film thickness, and aggregate gradation. Aging
significantly influences the performance of the material by causing changes in the

physical and chemical properties of the asphalt binder.

This section provides a concise review of existing studies that have investigated the
effects of oxidative aging on the physical/mechanical and chemical properties of asphalt
binders and asphalt mixtures, with a particular focus on crack resistance. The aim is to
explore the different testing methods, theories, and analysis approaches employed in
these studies. Additionally, this review aims to survey the available aging indices that
have been developed to characterize and track the aging states of asphalt binders and their

correlation with the crack resistance of asphalt mixtures.

Numerous research studies have investigated the impacts of aging on asphalt binders and
mixtures. Commonly employed physical/mechanical testing methods include Superpave
performance grading, dynamic shear rheometer (DSR), and bending beam rheometer
(BBR). These tests help evaluate the fundamental properties of asphalt binders and their
responses to various stress conditions, such as stiffness and ductility. Chemical testing
methods, such as Fourier transform infrared spectroscopy (FTIR), gel permeation
chromatography (GPC), and SARA analysis, provide insights into the chemical
composition and molecular structure changes of asphalt binders during aging.

Theoretical frameworks have been proposed to understand the mechanisms behind aging
and its influence on crack resistance. These include the time-temperature superposition
principle, which allows for the prediction of long-term aging effects based on short-term
laboratory aging data. Additionally, models based on rheological properties, such as the
master curve approach, have been developed to predict the performance of asphalt

binders and mixtures under various loading conditions.

To characterize and track the aging states of asphalt binders, various aging indices have
been developed. These indices aim to capture the changes in physical and chemical
properties caused by aging and correlate them with the crack resistance of asphalt
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mixtures. Examples of aging indices include the delta Tc (47¢), Glover-Rove (G-R)
parameter, and R-index. These indices provide valuable information for assessing the
susceptibility of asphalt mixtures to cracking and can be used in mixture design and
quality control processes.

Oxidative Aging of Asphalt Binders

The aging of asphalt binder occurs during the asphalt mixture production process and
continues through the service life of the pavement. In general, aging increases the
stiffness of asphalt binder and leads to reduced cracking resistance of the asphalt mixture.
The aging of asphalt binder can be attributed to several mechanisms, including oxidation,
polymerization, volatilization, condensation, and structural morphological changes.
Among these mechanisms, oxidative aging has been shown to be the principal reaction
responsible for the hardening of asphalt in the road [8]. Standard laboratory aging
protocols developed under the Strategic Highway Research Program (SHRP) were also
focused on the simulation of oxidative aging in the laboratory by aging the asphalt
materials at elevated temperatures [9-12].

Petersen et al. investigated the relationship between viscosity and chemical properties
during the oxidative aging process on a group of asphalt binders from the SHRP materials
library [8]. Results indicated that the studied asphalt binders showed similar aging
kinetics, with an initial rapid reaction “spurt” followed by a slower, constant rate
reaction. The slow and constant rate reaction was found to be the dominant aging reaction
in the field. The formation of ketones and sulfoxides was reported to be the major reason
contributing to the viscosity increase. Additionally, Petersen et al. also observed that
asphalt binder aging reaction “quenched” at a limiting viscosity after a certain field
service duration. It was indicated that asphalt aging slowed down or ceased after a certain
aging level [13].

To simulate field aging in a laboratory, Bell et al. indicated that the elevated temperature
and pressure of oxygen were able to accelerate the oxidative aging process of asphalt
binder during the Strategic Highway Research Program (SHRP) study [14]. They
reported that the oxidative aging progression was affected by asphalt mixture
characteristics, including aggregates absorption properties, asphalt mixture densities, and
asphalt film thickness. Thus, it is necessary to consider these factors when developing a
laboratory aging protocol for asphalt mixtures. The standard laboratory asphalt mixture
aging procedure that developed under the SHRP project, AASHTO R30, requires



conditioning compacted specimens in a forced oven at 85°C for 5 days to simulate the
long-term field aging in the laboratory [10].

Kim et al. conducted the National Cooperative Highway Research Program (NCHRP)
Project 9-54, Long-Term Aging of Asphalt Mixtures for Performance Testing and
Prediction [15]. The objective of this study was to develop a practical and efficient
laboratory long-term aging method for asphalt mixture performance testing. This study
investigated the conditioning of loose asphalt mixtures and compacted samples using the
conventional forced draft oven and pressure aging vessel (PAV). In this study, loose
mixture aging in the oven at 95°C was proposed as the optimum long-term aging
procedure for performance testing. This aging method exhibited the highest aging
efficiency without changing the chemical properties of asphalt binders. Besides, the field
aging levels obtained from field cores were matched with loose mixture aging levels at
95°C to determine the laboratory loose mixture aging duration. Additionally, a series of
laboratory aging duration maps to match 4, 8, and 16 years of field aging at depths of 6
mm, 20 mm, and 50 mm below the pavement surface under different climate conditions
in the United States were developed. However, for locations in southern Louisiana, they
recommended aging the loose asphalt mixture for 27 days to simulate 16 years of field
aging at the depth of 6 mm below the pavement surface, which is not practical for

industry implementation.

Chemical Characterization of Aged Asphalt Binder

Several chemical analyses that can be used to investigate the components and molecular
transformation of asphalt binders during the oxidation aging process have been identified
in this literature review. Researchers use high-pressure gel permeation chromatography
(HP-GPC) to study the size distribution of molecules in asphalt binder. GPC performs the
separation of molecules in a sample based on the sizes, or more specifically, the
hydrodynamic volumes of the molecules, a technique analogous to the aggregate sieving
process in which the largest molecules elute first, followed successively by smaller
molecules. Use of GPC helps researchers characterize the microscopic properties of
asphalt binder and link it to the macroscopic behavior of asphalt binder and asphalt
mixture. Aging can degrade large molecules of polymer modifier into smaller molecular
sizes, whereas aging in base asphalt binder can significantly increase the amount of large
molecular size species and decrease those of medium and small molecular sizes [16]. The
transformation of asphalt components due to oxidative aging provides a basis for
explaining the physical/mechanical property changes.



Petersen conducted a study to investigate the role of sulfoxide formation on physical
properties during oxidative age hardening in asphalt binders [11]. It was shown that
sulfoxide functional groups increased during oxidative aging, which resulted in the
increased viscosity of asphalt binders. Newcomb et al. used the continuous performance
grades (high and low temperatures) and the FTIR carbonyl area obtained from extracted
asphalt binders to evaluate the aging equivalence between field aging due to production
and construction and laboratory short-term aging protocols [17]. The results showed that
most short-term aging of asphalt binders and asphalt mixtures occurs during plant
production, while the aging induced by the construction process (i.e., transportation,

laydown, and compaction) may be insignificant.

Rheological Characterization of Aged Asphalt Binder

In early studies, the ductility of asphalt binders was reported to be a good indicator of
their cracking susceptibility [18, 19]. The ductility was measured at a reduced
temperature (near 15°C) and elongation rate of 1 cm/min. It was generally believed that
significant cracking would occur when the ductility of asphalt binders is 3 cm or lower.

Glover investigated the effect of asphalt binder aging on long-term pavement cracking
performance by characterizing asphalt binder aging in terms of rheological properties
[20]. A Maxwell model consisting of a spring (linear elastic element) and a dashpot
(viscous element) was utilized to simulate the viscoelastic behavior of asphalt binder (see
Figure 1).

Figure 1. The Maxwell Model: An Elastic and Viscous Element in Series [20]

where,
E = elastic modulus;
% n.= material coefficient of viscosity;
% = rate of change in stress with respect to time;
Ne dT de de
T+ Edc Negar - - rate of change in strain with respect to time.

The Maxwell model was applied to explain the viscoelasticity properties of asphalt
binder. The elongation rate of 1 cm/min was found to be equivalent to the strain rate of
approximately 0.005he s'. Moreover, it was found that the ratio of dynamic viscosity to



the storage modulus (77'/G") and the value of the storage modulus G’ were two parameters
that represent the extension characteristics. The plotted map of G’ versus 7'/G' (measured
at 15°C and 0.005 rad/s) was able to identify the different aging level. Additionally, it was
found that the ductility obtained from the ductility test (15°C, 1 cm/min) correlated well
with the dynamic shear rheometer (DSR) function of G'/ (7//G") (determined at 15°C and
0.005 rad/s). Based on this finding, the DSR function of G'/ (77'/G") was proposed as a
surrogate for the ductility of asphalt binders, as it is easier to obtain in the test compared
with the ductility test. Further, the DSR function of G/ (#'/G') was also recommended to
represent the aging intensities induced in asphalt binders due to its sensitivity to asphalt
aging levels.

Rowe demonstrated that G'/(77'/G") was equivalent to |G*|cos?d/sing, which has been

referred to as the Glover-Rowe (G-R) parameter, as expressed in the following equation
[21, 22].

n T g tand T s w (1)

A master curve was used to obtain the required parameters to calculate G-R. The master
curve characterizes the stiffness of asphalt binders over a wide range of frequency and
temperatures. Figure 2 shows a typical master curve that utilizes the complex shear
modulus, G*, and reduced frequency to describe the viscoelastic properties of asphalt
binder as a function of time and temperature. Moreover, a mathematical model was used
that can characterize the viscoelatic properties of asphalt binder, as shown in Equation (2)
[23].

-R

logZ]logz

G*=Gg[1+(%) R

(2)

Where,

G*(w) = complex shear modulus,

G¢ = glass modulus (assumed equal to 1 GPa),

ar = reduced frequency at the defining temperature (rad/s),
. = crossover frequency at the defining temperature (rad/s),
o = frequency (rad/s), and

R =rheological index.



Figure 2. A Typical Master Curve and Physical Properties [24]
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The master curve parameters (R and w.) have specific physical significance. The
rheological index, R, is defined as the difference between the log of the glassy modulus
and the log of the dynamic modulus at the crossover frequency. The R reduces with the
stiffness. The crossover frequency, w., is the frequency at which the storage modulus G’
is equal to loss modulus G ”, or where the phase angle is equal to 45°C. The modulus at
crossover frequency is defined as crossover modulus. As the stiffness of asphalt binder

increases, crossover frequency increases.

Semi-circular Bend (SCB) Test

Cracking is recognized as a major distress that decreases the service life of flexible
pavements. Sufficient cracking resistance of asphalt mixtures is imperative to minimize
the cracking potential of pavement. SCB test has been developed based on fracture

mechanics to evaluate the cracking resistance of asphalt mixtures.

Test specimens with semi-circular geometry and a single-edge notch were first developed
to measure the toughness of rock materials [25]. The Jc-integral concept, the nonlinear
elastic energy release rate, was proposed by Rice [26], based on Paris law [27], to
estimate strain concentration at smooth-ended notch tips in elastic and elastic-plastic
materials. Equation (3) shows how the Jc -integral is calculated.



{2
b/ da 3)
Where,
Jc = critical strain energy release rate,
a = notch depth,

b = specimen thickness, and

U = total strain energy up to failure.

The SCB test and validity of Jc as a cracking resistance evaluation parameter has been
widely studied and verified in numerical simulation, laboratory experiments, and field
performance [15, 28-37].
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Objective

The objective of this project was to establish a specification for the practical
implementation of the semi-circular bend (SCB) test in the field QC/QA phases of asphalt
mixture production and construction. The specific objectives of the study were to:

1. Investigate the impact of laboratory aging on the chemical and rheological
properties of asphalt binders, as well as the cracking resistance of asphalt
mixtures. This analysis will provide insights into the changes that occur in asphalt

binders and mixtures as a result of aging.

2. ldentify the statistically significant parameters that play a crucial role in
predicting the critical strain energy release rate (SCB Jc) of asphalt mixtures due
to aging. By determining these influential parameters, the study aims to enhance
the accuracy of SCB Jc predictions.

3. Develop practical approaches for the prediction of LTA SCB Jc for QC/QA testing

programs.

By accomplishing these objectives, this research will contribute to the establishment of a
robust specification for incorporating the SCB test into the field QC/QA procedures of
asphalt mixture production and construction. This specification will enhance the ability to
assess and monitor the cracking resistance of asphalt mixtures, ensuring the long-term

performance and durability of asphalt pavements.



Scope

In this study, 14 asphalt mixtures produced in asphalt plants and located on local and
interstate roads in Louisiana were utilized. The characterization of each asphalt mixture
was performed at the Louisiana Transportation Research Center (LTRC) asphalt
laboratory.

Laboratory compaction was performed on the asphalt mixtures, and the compacted
samples were subsequently subjected to aging at 85°C for five different durations: 0, 2, 5,
7, and 10 days. Following the aging process, the semi-circular bend (SCB) test, in
accordance with ASTM D8044, was conducted on the samples to determine the output
parameter, Jc. The SCB test provides crucial information about the cracking resistance of

asphalt mixtures.

Upon completion of the SCB test, the asphalt binders were extracted and recovered from
the aged samples. The auto extraction method, outlined in ASTM D8159, was employed
for asphalt binder extraction, followed by the Abson method, in accordance with ASTM

D1856, for the recovery process. Chemical and rheological characterizations of the

recovered asphalt binders were then conducted.

To analyze the chemical properties of the recovered asphalt binders, Saturates Aromatics
Resins Asphaltenes (SARA) analysis, Fourier transform infrared spectroscopy (FTIR)
analysis, and gel permeation chromatography (GPC) tests were performed. These tests
provide insights into the composition and chemical characteristics of the asphalt binders.
The rheological properties of the recovered asphalt binders were also evaluated through
various tests, including high temperature performance grade (HPG), bending beam
rheometer (BBR), frequency sweep (FS), multiple stress creep recovery (MSCR), and
linear amplitude sweep (LAS) tests. These tests enable the assessment of the rheological
behavior and performance of the binders under different stress conditions.

Results obtained from asphalt binders’ chemical and rheological characterizations, as
well as SCB testing, were analyzed to develop practical approaches for the prediction of
LTA SCB Jc for QC/QA testing programs.



Methodology

This chapter provides detailed descriptions of the asphalt materials utilized in this study,
along with an overview of the testing methods employed for both asphalt binders and
asphalt mixtures. Each test is accompanied by a concise review of its background,
practical application, and data analysis procedures.

Materials

14 asphalt mixtures produced at various construction sites in Louisiana were included in
this study (see Table 1). These mixtures were collected to represent the typical asphalt
materials used in the region. The aggregates employed in the mixtures consisted of
limestone and granite, which are commonly utilized in Louisiana and conform to the
state's specification criteria for gradation.

The experimental factorial design encompassed the following factors:

e Asphalt Binder Types: Five types of asphalt binders were considered: PG 67-22
(unmodified), PG 70-22 (styrene-butadiene-styrene (SBS) modified), PG 70-22
(Latex modified), PG 76-22 (SBS modified), and PG 82-22 (Crumb Rubber
modified). They represent different asphalt binder compositions commonly used
in asphalt pavement construction.

e Asphalt Mixture Types: Two mixture types were investigated: dense-graded
(HMA) and gap-graded (SMA).

e RAP materials: The studied asphalt mixtures contained RAP materials with
content ranging from 0% to 26%.

The job mix formulas (JMFs) for the studied mixtures can be found in the Appendix.
Typically, asphalt mixtures with finer gradation are utilized for the wearing course (WC)
layer, which is the topmost layer of the pavement, responsible for withstanding traffic and
providing a smooth riding surface. On the other hand, coarser asphalt mixtures are
typically used for the binder course (BC) layer, which lies beneath the wearing layer and
provides additional structural support to the pavement. By considering these various
asphalt binder types, mixture types, and the inclusion of virgin and RAP materials, this
research aims to investigate the impact of these factors on the performance of the asphalt
mixtures. Based on the results of this investigation, the research team aims to build a



comprehensive database containing data for asphalt mixtures using aggregates, asphalt
binders, and modifiers commonly used by Louisiana DOTD.

Table 1. Asphalt Mixtures Composition

Mixture RAP Total | Asphalt | Modifier | Va | VMA | VFA | Pr. | D/B
Designation Content | %AC | Binder (%) | (%) (%) | (%)
(%) PG
M1-15RAP 15 5.0 70-22 SBS 35 | 147 76 48 |0.96
M2-SMA 0 6.0 82-22 Crumb 35 |16.3 79 55 | 131
Rubber

M3-26RAP 26 4.6 76-22 SBS 35 |132 73 41 |1.02
M4-SMA 0 6.3 76-22 SBS 35 |17 79 59 1129
M5-18RAP 18 5.0 67-22 - 3.7 |138 74 47 | 117
M6-18RAP 18 5.0 76-22 SBS 35 | 147 76 48 |0.96
M7-15RAP 15 4.7 67-22 - 34 139 76 45 121
M8-15RAP 15 4.7 70-22 SBS 34 139 76 45 121
M9-28RAP 28 4.6 67-22 - 36 |131 72 41 |1.20
M10-20RAP 20 5.0 67-22 - 3.6 |139 74 45 |1.22
M11-19RAP 19 4.7 70-22 Latex 35 | 141 75 46 |1.17
M12-19RAP 19 5.1 70-22 SBS 35 |138 75 44 |1.18
M13-SMA 0 6.3 76-22 SBS 3.7 1165 78 56 | 147
M14-20RAP 20 4.2 70-22 SBS 35 |125 72 3.8 ]0.92

Note: AC = asphalt content; PG = performance grade; Va = air Voids; RAP = reclaimed asphalt pavement;
VMA = voids in mineral aggregate; VFA = voids filled with asphalt; SBS = styrene butadiene styrene; Pge
= effective asphalt binder; FT = film thickness; “-” means not available.

Asphalt Binder Experiment

Asphalt binders were extracted and recovered from the aged SCB specimens. These
recovered binders were subjected to comprehensive characterization to assess their
chemical and rheological properties. The characterization process involved various tests
and analyses. For the chemical characterization, the Saturate, Aromatic, Resin, and
Asphaltene (SARA) analysis was conducted. This analysis provides valuable information
about the composition and distribution of different fractions within the asphalt binder.
Additionally, the Gel Permeation Chromatography (GPC) test was performed to evaluate
the molecular weight distribution of the binder components. Further, the Fourier-
transform infrared spectroscopy (FTIR) test was employed to identify specific functional
groups present in the binder and gain insights into its chemical structure.

For the rheological characterization, the Superpave performance-grading test was
conducted. Additionally, the frequency sweep test was employed to assess the binder's
viscoelastic properties across a range of frequencies. The linear amplitude sweep (LAS)
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test was performed to evaluate the binder's response to different strain amplitudes, aiding
in understanding its ability to withstand intermediate-temperature cracking resistance.
The multiple stress creep recovery (MSCR) test was conducted to assess the high-
temperature properties of asphalt binders.

SARA Analysis

The SARA analysis determines the chemical composition of asphalt binder by
fractionating it into saturates, aromatics, resins, and asphaltenes. Asphaltenes are defined
operationally as the pentane- or heptane-insoluble component of asphalt binder, while
maltenes are the soluble component that can be further separated into the other three
fractions. Asphaltenes consist of extremely complex, highly polar molecules; they exhibit
a very high tendency to associate into molecular clusters, and they play a significant role
as viscosity builders in the rheology of asphalt binder [38]. During the oxidative aging
process, ketones are formed, which significantly changes the polarity and solubility of the
associated aromatic components, leading to their agglomeration to form the asphaltene
component [39]. The resulting increase in the asphaltene fraction then becomes the
primary reason for the increase in the asphalt viscosity due to aging [40]. Thus, in this
study, the asphaltene fraction determined from the SARA analysis was used to evaluate

the asphalt binder composition and cracking performance.

Based on the SARA results, an additional parameter referred to as the colloidal index can
be obtained as the ratio of the sum of saturate and asphaltene contents to that of the resin
and aromatic contents. This parameter was developed considering asphalt binder as a
colloidal structure [41, 42]. A low colloidal index value indicates a well-dispersed system
(i.e., the resins keep the highly associated asphaltenes dispersed in the light oily phase),
which is more sol-like and homogeneous. A high colloidal index suggests a more gel-like
system that is less dispersed and more heterogeneous. Asphalt binders with low colloidal
indices are thus expected to exhibit better resistance to cracking due to their homogeneity
and the free movement of the asphalt micelles [43]. The colloidal index was therefore
utilized as another evaluation parameter in the SARA analysis.

Each recovered asphalt binder was first de-asphaltened in accordance with ASTM D3279
[44] to yield asphaltenes (insoluble) and maltenes (soluble). The maltene component was
further fractionated on an Iatroscan TH-10 Hydrocarbon Analyzer to obtain the
components of saturates, aromatics, and resins. The n-pentane was used to elute the
saturates, and a 90/10 toluene/chloroform mixture was used to elute the aromatics. The
resins were not eluted and remained at the origin.



FTIR Test

The FTIR test was conducted according to ASTM E1252 [45] for the identification and
quantification of the functional groups present in asphalt binders. This approach was
developed because molecules absorb light at the so-called resonant frequencies, which
are characteristics of the covalent bonds in the molecules. By analyzing the position,
shape, and intensity of peaks in the obtained infrared spectrum, details on the molecular
structure of the asphalt can be revealed [46]. In this study, the carbonyl (C=0, a carbon
atom double-bonded to an oxygen atom) was evaluated in relation to aging and cracking
resistance. The underlying rationale is that highly polar and strongly interacting oxygen-
containing functional groups, including carbonyl, are formed during the oxidative aging
process. When the concentration of such polar functional groups becomes sufficiently
high to cause molecular immobilization through increased intermolecular interaction
forces, cracking will occur [47-49]. The carbonyl index (CJ) is defined as the ratio
indicated in Equation 4. Figure 3 shows a sample of FTIR test result for the recovered
asphalt binder from mix 1 at 0-day aging level.

Area of carbonyl band centered around 1700 cm™?!

Cl =

- Y. Areas of spectral bands between 1320 and 1490 cm™1

“4)



Figure 3. Sample FTIR spectrum
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Gel Permeation Chromatography (GPC) Test

GPC analysis was performed according to ASTM D6579 [50] to determine the molecular
weight distribution of the asphalt binders. Figure 4(a) presents a chromatogram of GPC
test for the recovered asphalt binder from mix 1 at 0-day aging level. A calibration curve
was used to convert elution time to molecular weight (MW) as shown in Figure 4(b). The
chromatogram was then divided into four slices based on the molecular weight of the
eluting species, Figure 4(c). Asphalt molecules are usually fractionated into three
portions: high molecular weight (HMW) component (consisting of polymers and
associated asphaltenes) with molecular weight greater than 19,000 Dalton (> 19K),
asphaltene component with molecular weight between 3,000 and 19,000 Dalton (3-19K),
and maltene component with molecular weight lower than 3,000 Dalton (< 3K). The
percentage of asphaltene component (%A4s) was used as the evaluation parameter in the
analysis.



Figure 4. (a) Gel Permeation Chromatography (GPC) Raw Curve, (b) Calibration Curve,
and (c) Weight Distribution of Asphalt Binder Species.
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Superpave Performance Grading

The Superpave performance grading consisted of high-temperature grading using a
dynamic shear rheometer (DSR) following AASHTO R 29 [51] and low-temperature
grading using a bending beam rheometer (BBR) following AASHTO T 313 [52]. In
general situations for liquid asphalts, prior to grading, they should be first treated
following the standard aging procedures through the rolling thin-film oven (RTFO) test
according to AASHTO T 240 [53] and pressurized aging vessel (PAV) according to
AASHTO R 28 [54]. In the present study, the asphalts to be graded were recovered from
compacted mixture samples that had already been aged at different levels (i.e., 0-, 2-, 5-,
7-, and 10-days). For this reason, they were treated as RTFO-aged samples for the high-
temperature grading and as PAV aged for the low-temperature grading; that is, no further
aging treatment was applied to the recovered binders prior to performance grading. The
performance grading results were then determined in accordance with AASHTO M 320
[53].

A rheological parameter that can be determined from the Superpave performance-grading

test is the critical temperature difference denoted as A7¢, which is defined as:
AT, =T, T, (5)

Where, T’ is the critical temperature at which the flexural stiffness (S) of the beam equals
300 MPa, and T3, is the critical temperature at which the slope (m) of stiffness versus time
in the log-log scale equals 0.300.

Note that both Ts and T;, were evaluated at a creep loading time of 60 seconds. Using the
BBR test data, Ts and 77 can be obtained from interpolation following the practice
specified in ASTM D7643 [54].

AT, 1s an asphalt binder parameter that offers insights into the relaxation properties of the
asphalt binder, which can contribute to non-load related cracking and other age-related
embrittlement distresses. It has also been utilized as an indicator of how effectively
asphalt binders respond to aging or how additives affect the asphalt binders' response to
aging [55-60].



Frequency Sweep (FS) Test

The frequency sweep test was performed according to ASTM D7175 [61] to characterize
the viscoelastic properties of asphalt binders at multiple temperatures, 15, 30, and 45°C,
and various frequencies ranging from 0.1 to 100 rad/s. The Christensen Anderson (CA)
model was used to fit a sigmoidal function on the test results [23, 62]. The effects of
aging intensities on ductility properties were quantified with use of the Glower Rowe (G-
R) parameter. The values of |G*| and 6 at 15°C and 0.005 rad/s were first obtained from
the fitted curves. Then, the G-R parameter was determined and used in the analysis using
Equation 6 [22, 63].

|G*|xcos?8

G-R Parameter = TR (6)

Where, G* is the shear complex modulus defined as the ratio of the shear stress to the
shear strain at each cycle, and Jis the phase angle defined as the time lag between the
applied shear strain and the measured shear stress in degree.

Linear Amplitude Sweep (LAS) Test

The LAS test was conducted at an intermediate temperature of 18°C in accordance with
AASHTO TP 101 [64] to ascertain the fatigue resistance of asphalt binders. A parallel-
plate geometry with an 8-mm diameter and a 2-mm gap was used. This test procedure
consisted of frequency sweep followed by the amplitude sweep with a 1-min. interval for
stress relaxation. The frequency sweep was performed at 0.1% strain over a frequency
range of 0.1 to 30 Hz to obtain material properties at the intact state of the LAS test
condition. The amplitude sweep had a constant frequency of 10 Hz and began with 100
cycles of sinusoidal oscillation at 0.1% strain. Each successive loading step comprised
100 cycles at strain amplitude linearly increasing from 1% to 30% at a rate of 1% per
step.

The LAS data analysis was based on the viscoelastic continuum damage theory [65-67].
The analysis approach described in AASHTO TP 101 was critically reviewed and the
formulation revised. A parameter denoted as 4,45 was developed and proposed as the
indicator of asphalt binder fatigue resistance [68]. The following describes the
development of the formulation and the 4;4s parameter.



Analogous to the S-VECD model applied to asphalt mixture fatigue characterization, the
structural integrity of asphalt binder is represented by the normalized dynamic shear
modulus:

I s I

~ DMR:[G* @

LVE

Where,

|G*| is the apparent dynamic shear modulus in the amplitude sweep test. It is calculated
as the ratio of stress amplitude to strain amplitude for each cycle;

|G*|ryE 1s the linear viscoelastic dynamic modulus corresponding to the LAS test
temperature and frequency. It can be interpolated from the dynamic shear modulus
master curve, Equation (8); and

DMR for asphalt binder is calculated as:

*
DMR =|G*¢ (8)
|G |LVE

Where, |G*|0.1% is the dynamic modulus value obtained from the frequency sweep of the
LAS test with 0.1% strain, which serves as the fingerprint of the sample.

The pseudo strain energy for asphalt binder is given by:

WF :%DMR-C(S)-(yfR(f))Z ©)

Where, (&) is the pseudo-shear strain time history given by:
7€) =7+|G*, sin(@,§) (10)

Where, ydenotes shear strain amplitude.

Combining Equations (9) and (10), making appropriate substitutions, and integrating over
a cycle, the damage increment per cycle is calculated as:

27l o,

ASi:BDMR-(;/i-|G*|LVE)2(Ci1—Ci)}M-Q“1“ with Q= [ (sin(@,&))™d¢& (11)



Where, « is determined according to AASHTO TP 101 as the exponent of the power-law
fit to |G*| versus ax obtained from the frequency sweep step in the LAS test.

C(S)=1-C,S“ (12)

ds [ awrY
E_( asj (13)

The obtained C-S data pairs are then cross-plotted and fitted using the power-law form as
shown in Equation (12). Substituting Equation (12) into Equation (13) and following a
derivation procedure, one can obtain the following that can be used for fatigue

simulation:

N, =BC1C2-(|G*|LVE)2] (<Q) (S ) 7™ (14)

Where, k=1 + a— aC,, and p is the strain amplitude for simulation. Note that the effect
of loading condition (temperature and frequency) is incorporated in Q, as seen in its
definition in Equation (11).

Equation (14) presents a power-law relationship between fatigue life Nrand strain input

0, which are related through a coefficient herein denoted as Az4s:

-a

As =EQC2 J( ki )Z} (Q) (8, ) (15)

The Ar4s parameter is then proposed as an indicator of asphalt binder fatigue resistance. A
higher A;4s value is desired for the fatigue resistance of asphalt binders, as seen in
Equation (15).

Multiple Stress Creep Recovery (MSCR) Test

MSCR test was conducted according to AASHTO T350 to characterize the creep and
recovery characteristics of recovered asphalt binders at 64°C. The test was performed
using a constant stress creep of 1.0s duration followed by a zero stress recovery of 9.0s
duration. Two stress levels of 0.1 kPa and 3.2 kPa were applied for 20 and 10 cycles,
respectively. Non-recoverable creep compliance (Jy; 3.2) and percent recovery (%6R),



expressed in Equations (16) and (17), were used to characterize the rutting performance
of the recovered STA asphalt binders.

Non—recoverable strain

Jnr = (16)

Stress level

Recoverable strain
%R = (17)

Total shear strain

Asphalt Mixture Experiment

Semi-circular Bend (SCB) Test

The SCB test was conducted according to ASTM D8044 to evaluate the intermediate-
temperature cracking resistance of asphalt mixtures. After compaction, samples were
subjected to oven aging, 5 days at 85°C, prior to testing. The test was performed at a
constant displacement rate of 0.5 mm/min at 25°C. The critical strain energy release rate,
Je, is used to ascertain the cracking resistance of asphalt mixtures. The critical strain

energy release rate, Jc, is calculated using Equation (18):

1

e - ()2 m

da

Where,

Je is critical strain energy release rate (kJ/m?),

b is sample thickness (m),

a is notch depth (m),

U is strain energy to failure (kJ), and

dU/da is change of strain energy with notch depth (kJ/m).



Discussion of Results

This section is organized into five subsections, each addressing a specific aspect of the
study. The subsections are asphalt binder test results, asphalt mixture test results,
comparative analysis of the test results, database collection, and model development. In
the first subsection, the test results for the asphalt binders are presented and analyzed.
The second subsection focuses on the SCB test results obtained from the asphalt mixtures
to assess the effects of aging levels on the mixtures' fracture behavior. The third
subsection involves a comparative analysis of the test results, wherein the data from the
asphalt binders and mixtures are examined together. This analysis enables a
comprehensive understanding of the relationship between the binder properties and the
corresponding performance of the asphalt mixtures. The fourth subsection presents and
describes the database that was collected in this study. Given the diverse range of test
methods employed in the study, significant parameters that have a strong correlation with
the SCB Jc (critical strain energy release rate) were identified. In the fifth subsection, the
development of practical approaches for the prediction of LTA SCB Jc for QC/QA testing
programs is discussed. Two approaches are discussed specifically: (1) a scaling factor to
forecast SCB Jc at 5 days 85°C aging from SCB Jc at 0 days aging (plant-produced
mixtures), and (2) a model using artificial neural network (ANN) methodology to predict
the LTA SCB Jc of asphalt mixtures, incorporating variables such as aging duration,
mixture volumetric properties, and the chemical and rheological characteristics of asphalt
binders as inputs.

Further, it is important to note that results obtained from the first eight mixtures (M1 to
M8, Table 1) were specifically analyzed to investigate the impact of aging levels on the
fracture cracking resistance of both the asphalt binders and mixtures. These results were
then utilized to develop the ANN SCB Jc predictive model. To validate the accuracy and
reliability of the developed ANN model, mixtures M9 to M14 (Table 1) were used for
testing and verification purposes. This validation process allows for an assessment of the
model's ability to accurately predict SCB Jc values for the long-term aged asphalt

mixtures.

In order to statistically assess the difference between test results, a one-way ANOVA
analysis using the F-test was performed. The null hypothesis for the F-test was that the
average value of a specific test result would be the same for all mixtures. The alternative
hypothesis was that the average of the test parameter for all mixtures would not be the
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same. If the null hypothesis was rejected, a post-hoc test was performed in order to make
further comparison between test results. In this research, Fisher’s least square difference

(LSD) post-hoc test was performed to rank the laboratory test results. Letters A, B, C, D,
and E were assigned to test results to show statistically distinct test results from best to

worst.

Asphalt Binder Testing

This section presents the asphalt binder testing results, including chemical and
rheological characterizations. Chemical evaluation was based on SARA fractionation,
GPC, and FTIR tests. Rheological testing included the Superpave performance grading,
frequency sweep, and linear amplitude sweep tests. All testing was performed on the
asphalt binders extracted from the compacted asphalt mixture samples that were oven-
aged at different aging levels.

SARA Analysis

The recovered asphalt binders were fractionated into saturates, aromatics, resins, and
asphaltenes (SARA), and the results are given in Table 2. The asphaltene percentage
varied in a narrow range for all recovered asphalt binder types except for M3-26RAP. The
wider range of asphaltenes for M3-26RAP can be attributed to its higher RAP content and
higher aging susceptibility. For all the recovered asphalt binders, 10-day aged samples
yielded higher asphaltene concentration than 0-day aged samples. It is observed that
higher asphaltene concentrations generally resulted in higher colloidal indices. In general,
higher aging levels yielded asphalt binders with a less dispersed microstructure (higher
colloidal index) that was expected to be more susceptible to cracking.

Table 2. SARA Analysis Results

Recovered Aging Asphaltenes Resins Aromatics | Saturates | Colloidal

asphalt binder level (%) (%) (%) (%) Index
type (days)

M1-15RAP 0 21.9 25.8 46.5 5.8 0.38
2 21.8 26.2 45.3 6.7 0.40
5 24.9 30.8 38.8 5.6 0.44
7 23.8 26.7 43.9 5.6 0.42
10 24.4 28.1 41.6 5.9 0.44
M2-SMA 0 234 234 47.6 5.6 0.41




Recovered Aging Asphaltenes Resins Aromatics | Saturates | Colloidal
asphalt binder level (%) (%) (%) (%) Index
type (days)
2 23.5 234 48.0 5.0 0.40
5 30.3 225 422 4.9 0.54
7 25.5 25.3 435 5.7 0.45
10 26.7 26.3 404 6.5 0.50
M3-26RAP 0 24.1 26.7 43.0 6.2 0.43
2 24.3 24.4 44.6 6.7 0.45
5 27.9 28.0 37.6 6.4 0.52
7 28.3 27.0 37.6 7.0 0.55
10 30.7 25.7 36.7 6.9 0.60
M4-SMA 0 23.7 22.8 46.0 7.5 0.47
2 23.8 24.0 46.4 5.8 0.42
5 23.0 23.2 47.4 6.4 0.42
7 24.8 24.8 445 5.9 0.44
10 25.5 23.5 45.3 5.7 0.45
M5-18RAP 0 195 25.8 47.8 6.9 0.36
2 20.0 28.7 45.3 5.9 0.37
5 20.3 27.6 457 6.4 0.36
7 21.8 29.7 41.2 7.3 0.41
10 224 29.3 40.6 7.7 0.43
M6-18RAP 0 25.3 29.0 39.2 6.5 0.47
2 25.8 28.2 39.0 6.7 0.48
5 26.9 27.2 38.9 7.0 0.51
7 27.4 25.0 40.5 7.0 0.53
10 28.9 28.0 35.6 7.5 0.57
M7-15RAP 0 22.8 26.8 43.9 6.5 0.41
2 22.9 26.4 44.8 5.9 0.40
5 24.7 27.8 40.7 6.7 0.46
7 25.0 28.2 40.8 6.1 0.45
10 25.0 28.6 39.6 6.7 0.46
M8-15RAP 0 20.1 28.9 44.6 6.4 0.36
2 22.9 294 41.6 6.1 0.41
5 24.8 29.6 39.3 6.3 0.45
7 26.0 31.0 35.6 7.1 0.50
10 26.3 315 38.6 6.9 0.47
FTIR Test

Figure 5 presents the carbonyl index (CI) results for asphalt binders at different aging

levels. Higher CI values represent higher oxidation levels [46]. In general, higher C/




values were observed as aging level increased. Statistical ranking within each mixture is
shown in Figure 5. For each mixture, there was a significant increase in the CI value
between 0-day and 2-day aging. The CI values for 5- and 7-day aging were comparable
for most of the studied mixtures, such as mixes 1, 2, and 4. However, 10-day aging
significantly increased the CI value. Mixture M2 showed the highest C7 values at 10-day
aging compared to other asphalt binders. This observation may be attributed to the usage
of the crumb rubber modified asphalt binder (PG 82-22) in this mixture. Further, Mixture
M7 showed the lowest CI values at 0-day aging level. This observation may be related to
the application of softer asphalt binders compared to the other mixtures. In order to
evaluate the aging susceptibility of asphalt mixtures, an aging index (Al) was used, which
was defined as the ratio of the C7 at a 10-day aging level to the C7 at a 0-day aging level.
A lower Al value means that the asphalt mixture exhibited a lower susceptibility to aging.
It is noted that asphalt binders recovered from M2 showed relatively higher Al values
compared to other asphalt binders. Further, asphalt binders recovered from mixture M4
showed the lowest Al values suggesting the effect of polymer modification on improving
the aging susceptibility of the asphalt binder (PG 76-22). Previous studies also stated that
polymer modification can improve the aging susceptibility of asphalt binders [69, 70].
Additionally, the recovered asphalt binder from M4, with a polymer-modified asphalt
binder containing the highest effective asphalt binder content, yielded the lowest aging
susceptibility.



Figure 5. FTIR Test Results
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Gel Permeation Chromatography (GPC) Test

The GPC technique fractionates asphalt binder molecules based on the molecular sizes
(based on elution time), which are then converted to molecular weight after calibration.
Asphalt molecules are usually fractionated into three portions: high molecular weight
(HMW) component (consisting of polymers and associated asphaltenes) with molecular
weight greater than 19,000 Dalton (> 19K), asphaltene component with molecular weight
between 3,000 and 19,000 Dalton (3-19K), and maltene component with molecular
weight lower than 3,000 Dalton (< 3K). It should be acknowledged that the GPC and
SARA techniques fractionate asphalt binders based on different properties (molecular
size versus solubility) of the molecules, and thus the obtained results, such as asphaltene
and maltene percentages, are not necessarily comparable. Table 3 presents the
compositional analysis of the GPC test results for the asphalt binders at different aging
levels. Note that statistical analysis was not performed on GPC test results because one
replicate was available for each asphalt binder type. In general, for all asphalt binder
types, maltene content decreased with aging, while asphaltene content increased because
of incremental oxidative aging. Further, the percentage of medium molecular weight
(with molecular weight between 3,000 and 19,000 Dalton) increased with aging, while
high molecular weight content (with molecular weight greater than 19,000 Dalton)
showed a decreasing trend with aging. This observation is attributed to the degradation of
polymer species into smaller components due to oxidative aging [49]. Further, recovered
asphalt binders from M3 and M4 showed relatively higher HMW components compared



to other asphalt binders. Note that M4 showed the lowest Al values as measured by FTIR
CI parameter, indicating asphalt binders with higher HMW contents had lower aging
susceptibility. It was noted that asphalt binders recovered from mixes with unmodified
asphalt binder (PG 67-22), such as M5 and M7, showed relatively lower HMW content.
HMW components slightly decreased with an increase in aging level in M3 (PG 76-22)
and M4 (PG 76-22). This observation is attributed to the degradation of polymer species
into smaller components due to oxidative aging. However, there was no obvious trend in
the change of HMW component for the other recovered asphalt binders when the aging
level was increased. The GPC results revealed that there was no significant increase in
the percentage of asphaltenes when the aging level increased from 2 to 5 days, for all the
studied recovered asphalt binders. Additionally, the differences in HMW contents from 2
to 5 days aging for a given asphalt binder were insignificant. This implied that there was
a balance between the association of low-molecular-weight components and dissociation
of high-molecular-weight components when the aging level increased from 2 to 5 days.

Table 3. GPC Test Results

Recovered Aging Maltenes% | Asphaltenes%o MMW% (19- HMW%
asphalt level (<3K) (3-19K) 45K) (>45K)
binder type (days)
M1-15RAP 0 68.4 26.3 3.3 2.0
2 67.8 26.8 35 1.9
5 64.9 28.3 5.0 1.8
7 64.3 28.9 5.1 1.7
10 64.0 29.2 5.2 1.6
M2-SMA 0 65.7 29.9 3.2 1.3
2 64.2 30.7 3.7 1.4
5 62.5 31.6 4.3 1.6
7 62.4 32.0 4.3 1.3
10 62.2 32.2 4.6 1.0
M3-26RAP 0 63.1 27.3 4.5 5.1
2 62.2 28.4 4.7 4.7
61.8 28.6 5.1 4.5
7 61.3 28.7 5.9 4.1
10 60.8 29.0 6.3 3.9
M4-SMA 0 67.7 23.8 3.0 55
2 65.9 24.7 4.2 5.2
5 65.4 24.9 4.5 5.2
7 64.3 25.9 4.9 4.9
10 64.1 26.1 5.1 4.7




Recovered Aging Maltenes% | Asphaltenes% MMW% (19- HMW%
asphalt level (<3K) (3-19K) 45K) (>45K)
binder type (days)
M5-18RAP 0 66.9 28.3 3.8 1.0
2 66.2 28.3 4.1 1.0
5 65.5 28.7 4.7 0.9
7 65.2 28.9 4.8 0.8
10 64.7 29.2 49 0.7
M6-15RAP 0 68.4 27.5 3.3 0.8
2 66.8 28.0 4.0 1.2
5 65.3 28.4 4.5 1.7
7 63.8 28.6 5.1 25
10 60.8 29.0 6.3 3.9
M7-15RAP 0 69.9 26.4 3.2 0.5
69.0 26.9 3.3 0.8
5 67.8 27.5 3.6 1.0
7 67.6 27.8 3.7 0.9
10 67.4 28.0 3.7 1.0
M8-15RAP 0 70.4 28.2 14 0.0
2 68.5 29.4 2.0 0.1
66.4 30.7 25 0.3
7 66.3 30.2 2.8 0.7
10 66.4 29.4 3.3 0.9

Note: High molecular weight = HMW,; Medium molecular weight = MMW.

Superpave Performance Grading

Figure 6 shows the high PG (HPG) results for the asphalt binders. HPG increased with
aging within each mixture type. There was no significant difference in the HPG of the 5-
and 7-day aged samples. Further, recovered asphalt binders from M3 showed the highest
HPG values indicating the highest level of oxidation among the samples.
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Figure 6. High PG Results
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Figure 7 presents A7, results from the BBR test for the asphalt binders. With increasing
aging level, 47, became more negative for all asphalt binder types. This observation is
consistent with what is reported in the literature [2]. More negative A47¢ values represent
decreased stress relaxation capacity. Asphalt binders with aging levels greater than 2 days
yielded negative 4T, values, indicating asphalt binders were m-controlled (Tm>Ts). It is
noted that the asphalt binder recovered from M3 possessed the lowest A7¢ value at the
10-day aging level, indicating the lowest ductility and potential to relax stress under
loading. The relatively lower A7, values for M3 can be attributed to the high RAP content
(26%, RBR) used in the mixture. Asphalt binder recovered from M4 showed the highest
ATe values at 5-, 7-, and 10-day aging levels, which can be attributed to the use of the
polymer-modified asphalt binder and no RAP addition.

An aging difference (AD) was defined as the absolute value of the difference between
AT, values at 0-day and 10-day aging levels. Higher AD values show higher susceptibility
to aging. Asphalt binder recovered from M4 showed the lowest AD value among all
asphalt mixtures, suggesting the lowest susceptibility to aging, which is consistent with
the observation that the asphalt binder from M4 exhibited the highest A7c values at 5-, 7-,
and 10-day aging levels compared to other mixtures. Similarly, FTIR test results
indicated that M4 had the lowest susceptibility to aging. Further, M4 had the highest
effective asphalt binder content and was prepared with a polymer-modified asphalt binder
type as the base binder. M3 and M8 (especially M3), on the other hand, showed the
highest aging susceptibility to aging. Both mixes possessed a relatively low effective
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asphalt binder content, as well as a high RAP content, which were effective in increasing
the aging susceptibility of the asphalt mixture.

Figure 7. ATc Results
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Frequency Sweep Test

Figure 8 presents the G-R values of the studied asphalt binders. The effects of aging
intensities on stiffness and ductility properties were quantified using the Glower-Rowe
(G-R) parameter. In general, G-R value of each asphalt binder increases with aging.
However, recovered asphalt binders from M1, M2, and M5 showed similar G-R values at
5- and 7-day aging levels. While asphalt binders at the 10-day aging level showed
significantly higher G-R values as compared to the 7-day aging level, suggesting the
decreased ductility of the samples due to oxidative aging.

The rate of change in the G-R parameter with aging was quantified using an aging index
(Al), defined as the ratio of G-R value of a 10-day aged sample to G-R value of a 0-day
aged sample. Lower Al values indicate a lower rate of aging as measured by G-R
parameter. Asphalt binders recovered from M4 and M7 showed the lowest Al values,
suggesting the lowest rate of aging. Further, asphalt binder recovered from M3 yielded
the highest rate of aging with respect to G-R parameter. These observations were
consistent with BBR test results.

T,



Figure 8. Frequency Sweep Test Results
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Linear Amplitude Sweep (LAS) Test Results

Figure 9 shows the LAS test results. The 4145 parameter was used to evaluate fatigue
performance of asphalt binders at different aging levels. Higher 4,45 values represent
better fatigue cracking resistant materials [67]. Statistical ranking of the results showed
that, in general, the fatigue cracking resistance of asphalt binders decreased with
increasing aging levels. Asphalt binders recovered from mixes at 0-day aging level
yielded the highest fatigue cracking resistance. Further, the ratio of 4,45 parameter at 10-
day aging level to 0-day aging level was defined as the aging index (Al) for the analysis
(see Figure 9). Lower Al values represent more aging and crack resistant asphalt binders.
Asphalt binders recovered from M3 and M4 showed relatively low Al values among the
samples. It is noted that these mixtures contained SBS modified asphalt binder, which is
known to be resistant against aging and cracking [70, 71]. Further, M2 showed the
relatively high Al value and high A.4s value. The high Al may be attributed to presence of
crumb rubber modified (CRM) asphalt binder (PG 82-22) in M2. However, the presence
of CRM did not improve aging resistance in this mix. It is noted that these observations
were similar to results of FTIR and GPC tests.
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Figure 10 presents MSCR test results, percent recovery (%R) and non-recoverable creep

compliance (Ju 3.2), of recovered asphalt binders for the stress level of 3.2 kPa at 64°C. It

was found that J,,» decreased with increasing aging level, while %R increased with aging.

These observations can be attributed to the decreased non-recoverable strain due to
oxidative aging. Additionally, except for M5 (0- and 2-days) and M8 (10-days) samples,

all other recovered asphalt binders showed J,.;; 3.2<0.5 1/kPa, which depicts rut-resistant
asphalt binders for extreme traffic level (>30million ESAL + standard traffic).
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Figure 10. MSCR Test Results
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Asphalt Mixture Testing
SCB Test

Figure 11 presents the SCB test results for the asphalt mixtures at different aging levels.
Plant-produced asphalt mixtures with no further aging were designated as 0-day aged
mixtures. In general, SCB Jc values decreased with an increase in aging level. Statistical
analysis of the results in Figure 11 indicates that asphalt mixtures at 0-day aging level
showed the highest SCB Jc parameter. There was no statistically significant difference in
the fracture resistance of asphalt mixtures at 2- and 5-day aging levels. Further, the 10-
day aging level yielded asphalt mixtures with significantly lower SCB Jc compared to
other aging levels. M5 had relatively low SCB Jc values compared to the other mixtures.
It is noted that these mixtures included unmodified asphalt binder (PG 67-22), which
made the asphalt mixture less crack resistant.
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With the available SCB Jc data encompassing both 0 days and 5 days of aging, it
becomes possible to derive a scaling factor (see Figure 11b). This scaling factor facilitates
the projection of SCB Jc values at 5 days aging from those observed at 0 days aging
(SCB Jc at 5 days aging = SCB Jc at 0 days aging — 0.2). However, it is crucial to
acknowledge that this relationship between SCB Jc values at 5 days aging and those at 0
days aging is established using a limited dataset. The accuracy of such projections could
significantly benefit from an expansion of the database, involving more data points to

enhance precision and reliability.

Figure 11. SCB Test Results
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Comparative Analysis of the Test Results

In order to determine the strength and direction of the correlation between variables,
Spearman’s rank correlation coefficient (p) was used, Equation (19). Spearman’s rank
correlation coefficient (p) is a commonly used parameter to assess rank correlation
between variables and ranges from -1 to +1 [72]. The advantage of p over other
correlation coefficients (i.e., Pearson correlation coefficient and R?) is that it can be used
when the data points are not normally distributed. Spearman’s rank correlation is also
useful when a non-linear relationship exists between variables [73]. A value of p=0
indicates that there is no correlation between two variables, and the correlation becomes
stronger as the absolute value of p increases. To interpret the correlation coefficient
values, the following limits were used based on the existing literature [74, 75]:

|p] < 0.10: negligible correlation;

0.11 <|p| < 0.39: weak correlation;

0.40 <|p| < 0.69: moderate correlation;
0.70 <|p| < 0.89: strong correlation; and

0.90 < |p| < 1.00: very strong correlation.

_ Yie, (=D i=y) (19)
JEr 0[5, 097

Where, p is the Spearman’s rank correlation coefficient; x;and y;are the rank variables

for each parameter; and x and y are the average of rank variables for each parameter.

Table 4 shows pairwise correlation results for all possible combinations of the evaluated
parameters. A t-test was performed to determine whether the correlation coefficients are
statistically significant. The null hypothesis for the test was that the correlation
coefficient is zero. If the p-value is lower than 0.05, it means that the correlation
coefficient is statistically significant. Table 4 shows the Spearman’s correlation
coefficient on a scale of -0.8 to 0.8.

Based on the result of the correlation analysis, pairwise correlation between asphalt
binder chemical parameters (CI and %As) and asphalt binder rheological parameters (47
and Ar4s) was significantly strong, as indicated by p > 0.75 and p-value < 0.0001. The
strong correlations suggest that the microstructural and molecular changes from
increasing the asphaltenes and carbonyl index are the primary cause of the loss in the
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relaxation capabilities of the asphalt binder (47¢) and decreasing fatigue tolerance of the
asphalt binder (474s).

A strong correlation was also observed between %A4s and CI, which indicates that asphalt
binders with higher asphaltene contents are expected to yield higher CI values because of
oxidative aging. Moderate correlations were evident between G-R and CI, 4T, and %As.
Further, weak correlation was observed between SCB Jc and G-R. The weak correlation
between SCB Jc and G-R is because these tests evaluate asphalt mixture and asphalt
binder properties at different performance temperatures (i.e., 25°C and 15°C) and are not
expected to be correlated.

As AT.illustrates the ductility and stress relaxation capability of the asphalt binder at low
temperatures, it is still beneficial to explore the correlation between the ductility of
asphalt binder at low temperatures and the fracture resistance of asphalt mixture at
intermediate temperatures. Strong correlation (p = 0.79) was observed between SCB Jc
and 4T, parameters, suggesting that the stress relaxation capabilities of asphalt binder
may be related to fracture resistance of asphalt mixture. Further, moderate correlations
were observed between asphalt mixture SCB Jc parameter and asphalt binder chemical
and rheological parameters (Ar4s, CI, and %4s,), suggesting a moderate association
between the molecular structure and rheological characteristics of asphalt binder, as well
as the fracture properties of asphalt mixture.

Table 4. Pairwise Correlation Analysis

Parameters p p-value

%As ALas -0.8149 <.0001
ALas Cl -0.8078 <.0001
%AS AT -0.7874 <.0001
ALas G-R -0.7809 <.0001
Cl AT -0.7500 <.0001
Cl SCB Jc -0.5919 0.0018
%AS SCB Jc -0.5144 0.0085
AT G-R -0.4469 0.0251
G-R SCB Jc -0.3324 0.1045
%AS G-R 0.4619 0.0201
Cl G-R 0.4723 0.0171
ALas SCB Jc 0.5629 0.0034
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Parameters p p-value
AvLas AT 0.6921 0.0001
%As Cl 0.7431 <.0001
AT SCB Jc 0.7951 <.0001

Note: A4Tc = low temperature parameter from BBR test; G-R = Glower-Row parameter; SCB Jc = critical strain energy
release rate; %As = percent asphaltenes from GPC test; Cl = carbonyl index from FTIR test; ALas = fatigue parameter
from LAS test.

Database Used for the ANN Model Development

In order to develop the artificial neural network (ANN) model, a database including 40
asphalt mixtures at different aging levels (i.e., 0-, 2-, 5-, 7-, and 10-day) was used. The
asphalt mixtures encompass a range of base binder types (unmodified and polymer
modified), various recycled binder ratios (RBR), and different gradations. 104 data points
were used to select the significant parameters in determining the cracking performance of
the asphalt mixtures to be used in the model development. Asphalt mixture compositions
are presented in Table 5.

Table 5. Asphalt Mixture Composition

Mixture RBR, % Asphalt PG of Base Modifier Aggregate Size Mixture
Number | RAP | RAS Binder Asphalt Source
Content, % Binder

1 18 0 5.0 76-22 SBS (3/4" NMAS) PL
2 17 0 5.2 76-22 SBS (1/2" NMAS) PL
3 25 0 4.8 76-22 SBS (/2" NMAS) PL
4 24 0 5.0 76-22 SBS (1/2" NMAS) PL
5 16 0 5.0 76-22 SBS (3/4" NMAS) PL
6 0 0 53 70-22 SBS (1/2" NMAS) LL
7 0 5 53 70-22 SBS (/2" NMAS) LL
8 0 5 53 70-22 SBS (/2" NMAS) LL
9 0 5 53 70-22 SBS (/2" NMAS) LL
10 0 5 5.3 70-22 SBS (1/2" NMAS) LL
11 0 5 5.3 70-22 SBS (1/2" NMAS) LL
12 0 5 5.3 52-28 None (1/2" NMAS) LL
13 15 0 5.3 70-22 SBS (1/2" NMAS) LL
14 15 5 5.3 70-22 SBS (/2" NMAS) LL
15 15 5 5.3 70-22 SBS (1/2" NMAS) LL
16 15 5 5.3 52-28 None (1/2" NMAS) LL
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Mixture RBR, % Asphalt PG of Base Modifier Aggregate Size Mixture
Number | RAP | RAS Binder Asphalt Source
Content, % Binder
17 0 0 5.7 76-22 SBS (1/2" NMAS) LL
18 0 0 6.3 82-22 CRM (3/4" NMAS) LL
19 0 0 6.3 82-22 CRM (3/4" NMAS) LL
20 0 0 6.3 82-22 CRM (3/4" NMAS) LL
21 0 0 6.3 82-22 CRM (3/4" NMAS) LL
22 0 0 6.0 82-22 CRM (3/4" NMAS) LL
23 0 0 6.0 82-22 CRM (3/4" NMAS) LL
24 0 0 6.3 82-22 CRM (3/4" NMAS) LL
25 0 0 6.3 82-22 CRM (3/4" NMAS) LL
26 100 0 7.2 76-22 None (1/2" NMAS) LL
27 100 0 7.2 70-22 None (1/2" NMAS) LL
28 100 0 7.2 76-22 None (1/2" NMAS) LL
29 100 0 7.2 70-22 None (1/2" NMAS) LL
30 0 0 4.5 67-22 None (3/4" NMAS) LL
31 0 0 4.1 67.22 None (3/4" NMAS) LL
32 0 0 4.5 67.22 None (3/4" NMAS) LL
33 0 0 4.1 70-22 SBS (3/4" NMAS) LL
34 0 0 4.5 70-22 SBS (3/4" NMAS) LL
35 0 0 4.1 70-22 SBS (3/4" NMAS) LL
36 0 0 45 76-22 SBS (3/4"NMAS) LL
37 0 0 4.1 76-22 SBS (3/4" NMAS) LL
38 0 0 45 76-22 SBS (3/4"NMAS) LL
39 15 | 0 4.3 70-22 SBS (1/2" NMAS) PL
40 0 0 6.0 67-22 None (1/2" NMAS) PL

Note: PL = plant produced laboratory compacted; LL = laboratory produced laboratory compacted.

Variable Selection Procedure for Model Development

Table 6 presents 12 variables used for variable selection procedure, including the

volumetric properties of asphalt mixture, aging level, and asphalt binder modification

level. The purpose of variable selection is to identify parameters that are statistically

significant in the prediction of SCB Jc fracture parameter.




Table 6. A summary of the Parameters used for Variable Selection Process

Volumetric Properties Asphalt Binder Properties
%AC (asphalt content) PM (Polymer Modification Level: 0, 1, and 2) *
%RAS and %RAP Aging Level
Pre (effective asphalt binder) Day (0, 2,5, 7, or 10)

P200 (%passing no. 200 sieve)
P4 (%passing no.4 sieve)

VMA (void in mineral aggregate)
VFA (void filled with asphalt)

SA (surface area, m?)
FT (film thickness, um)
DB (dust to binder ratio)

Note: RAS = recycled asphalt shingle; RAP = reclaimed asphalt pavement;
* 0 = unmodified binder; 1 = moderately modified binder; 2 = highly modified binder.

Stepwise Regression Analysis

In order to find the significant variables to predict the SCB Jc of asphalt mixtures, a
stepwise regression analysis was performed. Stepwise regression is a method for building
a model by successively adding or removing independent variables based on the F-
statistics of the estimated coefficients. The process starts with a one-variable model,
which has the lowest F-statistics. A threshold of 0.1 was considered, as the F-statistic for
a variable can enter the model (F-to-enter < 0.1). For the two-variable model, the variable
with the lowest F-statistic enters the model, while the variable with an F-statistic higher
than 0.1 leaves the model (F-to-remove). This process continues until the point at which
there is no significant variable to enter the model. Table 7 presents the result of the
stepwise regression analysis. It was shown that six independent variables, including day
(aging level), Pve, PM, FT, SA, and P4, were determined to be significant variables in
predicting the SCB Jc of asphalt mixtures.

Table 7. Stepwise Regression Result

Step | Parameter Action | "'Sig Prob" R? Cp p AlC BIC
1 SA Entered 0.0000 0.3210 | 139.76 2 -98.142 | -90.48
2 Day Entered 0.0000 0.5086 | 75.789 3 -129.28 | -119.15
3 PM Entered 0.0000 0.6105 | 41.936 4 -151.03 | -138.47
4 P4 Entered 0.0000 0.6769 | 20.607 5 -168.01 | -153.08
5 Phe Entered 0.0149 0.6961 | 15.839 6 -172.03 | -154.77
6 SA Removed 0.7551 0.6958 | 13.947 5 -174.23 | -159.3
7 FT Entered 0.0226 0.7118 | 10.339 6 -177.47 | -160.21




Step | Parameter Action | "'Sig Prob" R? Cp p AlC BIC
8 SA Entered 0.0187 0.7280 | 6.6362 7 -181.09 | -161.54
9 RAS Entered 0.0772 0.7369 | 5.5271 8 -182.09 | -160.31

10 All Removed . 0.0000 | 250.61 1 -60.395 | -55.246
11 SA Entered 0.0000 0.3210 | 139.76 2 -98.142 | -90.48

12 Day Entered 0.0000 0.5086 | 75.789 3 -129.28 | -119.15
13 PM Entered 0.0000 0.6105 | 41.936 4 -151.03 | -138.47
14 P4 Entered 0.0000 0.6769 | 20.607 5 -168.01 | -153.08
15 Phe Entered 0.0149 0.6961 | 15.839 6 -172.03 | -154.77
16 SA Removed 0.7551 0.6958 | 13.947 5 -174.23 | -159.3

17 FT Entered 0.0226 0.7118 | 10.339 6 -177.47 | -160.21
18 SA Entered 0.0187 0.7280 | 6.6362 7 -181.09 | -161.54

Note: SA = surface area; PM = polymer modification level; P4 = percent passing from sieve #4; Py =
effective asphalt binder; FT = film thickness; RAS = recycled asphalt shingle; Cp = Mallows's Cp; p = total
number of parameters in the model; AIC = Akaike information criterion; BIC = Bayesian information
criterion.

Multicollinearity Assessment

Multicollinearity is defined as a correlation between independent variables in a multiple
regression when more than two independent variables are involved. When
multicollinearity increases, the estimated coefficients of the regression model become
unstable, and the standard error inflates. Therefore, it is important to evaluate the

multicollinearity between independent variables.

Figure 12 presents a summary of the test results in the form of a scatter plot matrix. This
type of data presentation is useful when more than two independent variables are
involved in the analysis [76]. It could also be helpful to visually capture the
multicollinearity between independent variables [77]. The scattered plots are symmetric
with respect to the diagonal, which are presenting the variables. Each individual plot is
recognized by the x- and y-axes, which are positioned on the bottom and left side of the
scattered plot, respectively. If the data points are concentrated around the diagonal, it
means there is a high multicollinearity between independent variables [78]. Based on
Figure 12, it was visually observed that there was no, or slight, multicollinearity between
independent variables. A decreasing trend in the Jc of asphalt mixtures with increasing
aging duration was observed. This observation implies the effect of progressive oxidative
aging on the cracking resistance of asphalt mixtures. Additionally, it was observed that
increasing the asphalt film thickness (FT) caused the Jc to increase as well. This
observation indicates that asphalt mixtures with a higher asphalt binder film thickness
will have higher cracking resistance. Further, asphalt mixtures with higher effective



asphalt binder contents showed higher Jc values, indicating the effect of increased asphalt
binder content on the cracking resistance of asphalt mixtures. In addition, asphalt
mixtures prepared with polymer-modified asphalt binders showed higher cracking
resistance than those prepared with unmodified asphalt binders.

Figure 12. Relationships between Significant VVariables
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In order to quantify multicollinearity between variables, variance inflation factor (VIF)
should be determined. VIF is a common parameter used to assess multicollinearity
between variables. Equation (20) shows how this parameter is calculated using a linear
regression between independent variables. VIF of 10, or R? of 0.90, are considered as
threshold values [79-81]. VIF values greater than 10, or R? values higher than 0.90, are
indicative of multicollinearity between variables.

1

VIF = —

(20)



Where,
VIF is variance inflation factor; and
R? is the coefficient of determination between variables.

Table 8 shows the results of the multicollinearity analysis. Except for SA, all other
parameters exhibited VIF and R? values less than 10 and 0.90, respectively, which shows
there was no multicollinearity between these independent variables.

Table 8. Results of Multicollinearity Analysis

Term Estimate Std Error t Ratio Prob>|t| VIF
Intercept 0.566 0.168751 3.36 0.0011 -
Day -0.024 0.003185 -7.55 <.0001 1.1
FT 0.0631 0.019005 3.32 0.0013 6.2
SA 0.0515 0.021979 2.34 0.0212 10.9
P4 -0.0053 0.001221 -4.37 <.0001 2.8
PM 0.1793 0.028489 6.29 <.0001 1.9
Pre -0.1291 0.030998 -4.17 <.0001 6.2

Note: R? = coefficient of determination; VIF = variance inflation factor; Py = effective asphalt binder content; FT =
film thickness; SA = surface area; P4 = passing from sieve #4; PM = polymer modification level.

ANN Approach and Model Development

ANN Structure

The ANN structure consists of neurons (nodes), links (arrows), input layer, hidden layers,
and output layer, as shown in Figure 13. Each neuron in the input layer introduces its
value to all the neurons in a hidden layer through links with associated weights. Each
neuron in the hidden layer takes the sum of its weighted inputs and applies a non-linear
activation function (i.e., transfer function) on the sum. The result of the function then
becomes an input for the next step. As the final step, the output neuron takes the sum of
the weighted inputs from the previous layer and applies the activation function to the
weighted sum. The error is then calculated based on the difference between the predicted
and measured output. Equation (21) presents the relationship between inputs, output,
weights, and bias. The activation function used in this study was a hyperbolic tangent
function presented in Equation (22).
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Figure 13. Typical ANN Structure
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Where,

J¢,p 1s the predicted output,

1 is the number of independent variables,

m and n are the number of neurons in the second and first hidden layers, respectively,
g is the nonlinear activation function (tanh),

By, Bﬁk, B ,11 j» are the bias for the output, second hidden layer, and first hidden layer,
respectively,

Wy, Wi, W
hidden layer, respectively, and

are the weight of the links for the output, second hidden layer, and first

X;is i input variable.
ex_e -X

eX+e~X

tanh(x) =

(22)

The learning capability of the network is obtained by adjusting the value and sign of the
weights according to the error through the backpropagation process. The gradient descent
method was used to adjust the weight values. In this method, the weight signs and values
were adjusted to minimize the error. The iterative process continued until the error was
smaller than the threshold value [82]. The weights and biases were updated with respect
to the mechanism presented in Equations (23) and (24). This process started with
assigning initial values to weights and biases. Then, the first derivative of the error with
respect to each weight was determined. The weights were adjusted depending on the sign
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and magnitude of the derivative. If the derivatives were negative, the weight values were
increased by a specific rate, learning rate (o). This process continued until the difference

between the predicted and measured output was minimal.

OE(W))

=W +
W, =W;+a W, (23)
OE(B;)
. = 0 + d
Bi=B; T« 3B, (24)

Where,

W; and B; are the updated weight and bias,
WL and B are the initial weight and bias,
a is the learning rate, and

E(W;) and E(B;) are the error as a function of weight and bias, respectively.

Model Development

A mathematical software [83] was used to develop the ANN model. Figure 14 shows the
step-by-step procedure for the development of the model. 104 data points obtained from
laboratory experiments were used for the model development, where 70% of the data
points were used for training and 30% for validation of the network. Previous studies
suggested that the sample size (i.e., model degree of freedom) should be significantly
higher than the number of independent variables [84, 85]. However, some studies
recommended that the sample size needs to be at least 10 times of the number of
independent variables [86, 87]. In this study, the sample size (104) was approximately 20
times the number of independent variables. In order to reduce data redundancy, all of the
data points were normalized using Equation (25).

X—Xmin

Xnew =5g— — (25)

Xmax—Xmin



Figure 14. ANN Model Development Procedure
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Different network structures were applied to achieve an ANN model with the minimum

error, maximum goodness of fit (as measured by R?), and minimum root mean square
error (RMSE) for both training and validation datasets, Equations (26-28). A
backpropagation process was performed using the gradient descent procedure to

iteratively adjust the weights and minimize the error. A two-hidden layer structure with 4

and 3 neurons at each hidden layer was found to yield the minimum error and maximum
goodness of fit. Figure 15 shows the structure of the ANN model that predicts the SCB Jc
of asphalt mixtures with respect to aging level (day), effective asphalt binder (Pye),

polymer modification level (PM), percent passing from sieve #4 (P4), and asphalt film

thickness (FT).
n - 2
E = Z (]c,i _]c,i)
_ 2
=1

_ ?zl(jc,i _jc,i)z
?:1(]c,i _]_c,i)z

n . — 3 . 2
RMSE = \/Zi—1(]c,1 ]C,l)

n

R?=1

(26)

(27)

(28)




Where,

E is the error,

R? is the coefficient of determination,

Jc; and fc,l- are the measured and predicted values of the i output, respectively,
Jei is the average value if the measured outputs,

RMSE is the root mean square error, and

n is the number of data points.

Figure 15. Structure of ANN Model for Predicting Jc

Figure 16(a) presents the relationship between the measured and predicted SCB Jc values
based on the ANN model with a 95% confidence interval (C.1.) and prediction interval
(P.I.). The ANN model was able to predict the SCB Jc of asphalt mixtures with an RMSE
of 0.042 kJ/m? and R? of 0.95. The range of measured SCB Jc values used for model
development was between 0.20 and 0.95 kJ/m?, which represents a wide range of asphalt
mixtures in terms of fracture performance tolerance.

Figure 16(b) illustrates the residual normal quantile versus the predicted Jc values. The
concentration of the data points around the straight line is an indication of a normal
distribution of the residuals.



Figure 16. Training Result (a) Predicted versus Measured SCB Jc, (b) Residual Normal Quantile Plot
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Model Validation

Figure 17 shows the result of model validation for the developed model by comparing the
measured and predicted SCB Jc values with a 95% confidence and prediction interval. It
should be noted that the validation dataset (30% of the data points) was independent of
the training dataset. Figure 17(a) shows that the proposed ANN model was validated with
an R? of 0.92 and RMSE of 0.051 kJ/m?. The range of SCB Jc values used for model
validation was between 0.22 and 0.96 kJ/m?. Figure 17(b) shows the residual normal
quantile versus the predicted Jc values. As shown in the figure, concentration of the data
points around the straight line is an indication of the normal distribution of the residuals.



Figure 17. Validation Result (a) Predicted versus Measured SCB Jc,
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As mentioned earlier, experimental data for mixtures M9 to M14 (Table 1) that were not

used in the development of the ANN model were employed to test and validate the

accuracy of the developed predictive model. In Figure 18, the measured and predicted
SCB Jc values (at 5-days aging) for mixture M9-M14 are compared. The ANN model
demonstrates the capability to accurately forecast the long-term aged SCB Jc values for
hot mix asphalts (HMAs) with an error [i.e., abs (Measured —Predicted)/Measured 100%]



of less than 15%. However, it is important to note that the prediction error for the SMA
(M13-SMA) is substantial.
Figure 18. Comparison of Measured and Predicted SCB Jc Values for M9-M14

SCB Jc @ 5 days LTA (ANN Model: Predicted v.s. Measured)
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Development of User Interface

A user-friendly interface was developed for applications of the developed ANN model.
The model calculates the predicted long-term aged SCB Jc values from input variables.
The user interface is designed using module PyQt5. This module is a Graphical User
Interface (GUI) widgets toolkit for python that is compiled into an executable program.
As a stand-alone compiled program, the developed interface is user-friendly. It is also
capable of importing or exporting multiple data from/to Excel or csv file format. Figure
19 shows the ANN SCB Jc prediction model computer-based interface. The interface
contains three parts: a project manager, an interactive table of model inputs, and a report
page. The parameter and film thickness can be calculated from mixture design
information, and the calculation was automated in the software (Figure 19b). It is worth
noting that the Materials Laboratory of the Louisiana Department of Transportation and
Development maintains a comprehensive database of materials properties included in this
SCB Jc prediction model.



Figure 19. The Developed User-Interface for Long-Term Aged SCB Jc Prediction:
(a) Project-Info Input, (b) Data Input, and (c) Model Output
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Conclusions

The objectives of this project were to investigate the effect of laboratory aging on asphalt
binders’ chemical and rheological properties and asphalt mixtures’ cracking resistance,
and to develop practical approaches for the prediction of LTA SCB Jc for QC/QA testing
programs. 14 plant-produced asphalt mixtures from local contractors were acquired and
characterized in the LTRC asphalt laboratory. Asphalt binders were extracted and
recovered from the compacted mixtures that were aged at different levels. A suite of
asphalt binder and asphalt mixture testing methods were employed to characterize the
rheological and chemical properties of asphalt binder and cracking resistance of asphalt
mixtures. The asphalt binder testing consisted of SARA fractionation, GPC, and FTIR for
chemical characterization, as well as Superpave performance grading, frequency sweep,
LAS, and MSCR for rheological characterization. The asphalt mixture test method for
cracking resistance included the SCB test. Based on the findings, the following
conclusions were drawn.

e Chemical tests were effective in capturing incremental aging.

o GPC analysis revealed that maltene and high-molecular weight components of
the asphalt binders reduced with an increase in aging level, while medium-
molecular weight and asphaltene components increased due to the oxidative
aging.

o SARA analysis showed that asphaltene content increased with increasing
aging durations.

o FTIR analysis indicated that carbonyl index (CI) increased because of
oxidative aging.

e Rheological tests were able to capture the effect of oxidative aging.

o AT, parameter obtained from the BBR test showed larger negative values
when aging level increased, which indicates that the stress relaxation
capability decreased.

o G-R parameter obtained from frequency sweep increased with increasing
aging levels.

O Auvas parameter obtained from LAS test decreased with increasing aging
duration.



SCB test was effective in capturing the effect of progressive aging. Cracking
resistance of asphalt mixtures in terms of the SCB Jc fracture parameter decreased

with an increase in aging level.

SCB Je, Ar4s, and FTIR CI parameters were consistently able to capture the effect
of asphalt binder type (unmodified and polymer modified) on the aging
susceptibility of asphalt mixture and asphalt binder.

Correlation analysis indicated that 4A.4shad a strong correlation with CI and %54s.
SCB Jc also showed a strong correlation with 47. and moderate correlation with
Avas. These observations suggest a correspondence between the molecular
structure of asphalt binder due to aging and the rheological characteristics of
asphalt binder, as well as the fracture properties of asphalt mixture.

A scaling factor was developed to forecast SCB Jc at 5 days 85°C aging from
SCB Jc at 0 days aging (i.e., plant-produced mixtures).

Statistical analysis of the test results using stepwise regression method showed
that the aging level, Pye, P4, FT, and PM parameters were significant in
determining the SCB Jc of asphalt mixtures.

The ANN approach using the gradient descent backpropagation process has
shown to be effective in predicting the SCB Jc of asphalt mixtures. The predictive
ANN model was able to accurately predict the fracture performance of asphalt

mixtures.

A user-friendly interface was developed for implementation in the Louisiana
DOTD’s asphalt mixture QC/QA programs.
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Term
AASHTO
ALF
AMPT
ANN
ANOVA
ASTM
BBR
BF

CA
CAB
cm
CoV
DMR
DOT
DOTD
DSR
FHWA
ft.

FT
FTIR
GPC
G-R
HMA
HMW
LA
LAS
LSD
LTA

Acronyms, Abbreviations, and Symbols

Description

American Association of State Highway and Transportation Officials

Accelerated Loading Facility

Asphalt Mixture Performance Tester
artificial neural network

Analysis of Variance

American Society of Testing Materials
Bending Beam Rheometer

beam fatigue

Christensen-Anderson

crushed aggregate base

centimeter(s)

coefficient of variation

dynamic modulus ratio

Department of Transportation
Louisiana Department of Transportation and Development
dynamic shear rheometer

Federal Highway Administration

foot (feet)

film thickness

Fourier transform infrared spectroscopy
gel permeation chromatography
Glover-Rowe

hot-mix asphalt

high molecular weight

Louisiana

linear amplitude sweep

least significant difference

long-term aging
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Term
LTRC
LVE
1b.

MMS
MSCR
NMAS
PAV

Description

Louisiana Transportation Research Center
linear viscoelastic

pound(s)

meter(s)

medium molecular size

multiple stress creep recovery

nominal maximum aggregate size
pressure aging vessel

performance grade

polymer modification

quality control/quality assurance
recycled asphalt pavement

reclaimed asphalt pavement

recycled binder ratio

rolling thin film oven

saturates, aromatics, resins, asphaltenes
semi-circular bend

small molecular size

simplified viscoelastic continuum damage
Trichloroethylene

viscoelastic continuum damage

voids in the mineral aggregate

warm-mix asphalt
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Projest No. H.OUBETE
zpeos| 2018 | Flant Typa 2 dryer drum Mix Type|  Wearing Courss | Mix Use| WL - ‘Wearing | Dec.Level EMA
EsaL [ " | Prodmate] 280 Mix Temp| 326 Boa No| )
&d]. Facter | 1.00 ADTHane [] MomAggslzs| 0B | AC CorrFactor | 088 |
Projest Name | 1-20-CADDO PAR. Prajsat Cont. MADDEN CONTR. | Project Enar | MICHAEL RIZTER |
Hilx Type Wearing Course MiIx Usa (M1 - weaning
|Aggregate
Waisrial Zourse Cods Apar. Type agor.w |BUEEROL | L FAA Flats | can | F-
Osb 3and Eg | Elong Raie |%Rei#s
cr. Agar APEOMUMETE0 | 1003MIS120-5E" STONE-MM 208 2881 [ B
Cr. Agar APEOGUIETE0 | 1003MIT120-12" 3TONE-MM 260 2081 1.3 ] 100 il B0
cr. Agar APBOGMSTI0 |1003MOS120-12" STONE ARK.CLASS 100M 868 2841 13 ] 100 i B8
Fine Aggr APEOOME120 | 1003M08110-DONNAFILL-3M 188 2 657 [ 45 ] 100 i ]
1002M0230 | CELL. FIBER-HI-TECH AZFH.2OLUTIONS 01
os
Compoiis e8] 2847 1.04 45 0.0 100
Agphalt Cement and AddRives Loaded Wheel Test
satarial Sauras Material % of Mix
Code Hame Decign: Ho. Facoen
Acphatt Cement APE0OUIOEE0 | 1002MOIE0-LIDNTRINITY PG 78-22 8.3 Rt
AHemats Acphait
ARemais Acphait ‘Valldation: Ho. Facoen
Fap Acphat 0.0 Rt
Andl $irp APBOOUIIE20 | 1002Me0E20-Ant-irip-AD-HERE LA-2 0.8 acE .Jo:
DESIGN DATA VALIDATION DATA JMF Limite
Parameter submttal Average 0. Dev PWL [par valid.avg)
Gmm 2.430 A4 0.00673 100 424 - | 2472 Zubmitted for Contractor By:
43 men, Minl 838 70 DAz 100 a0 Date &ubmittied
Somm,Nmax 874 B85 0.837 B4 — [ ==
VMA 17.0 187 0613 82 o | -
WFA 78 77 217 [] ez |- o STEVE MILAM
% Valde 36 18 0.458 84 25 [ -] as Tashnieian
% Declign AC 8.3
Comp Temp 00 200 0.00 - — 325 Propod-al Approwed T=V8e
% DF Grughed 100 100 0.00 - H=Mo
1112 {37.6mm} 100 100 0.00 - — | 1o By
1In_(26mm] 100 100 0.00 - — [ 1m Dot
34 {18mm) 100 100 0.00 - 55 | -| 1
112in {12.6mm) 82 B2 171 100 ez [ -] =
378In_{B.6mm) 73 78 1.88 100 - | =o signature
Ma. & (4.76mm] 30 32 1.28 100 - ==
Mo. 8(2.38men) 23 2 1.48 100 — 25 ‘Valldation Approved =Yoo b
Mo.18{1.18mn) [ 20 1.42 80 —[ == N=No
Ho.384B00um) 20 20 141 80 - | = By:
N0 59300} a7 16 1.08 100 _| = nm%
o108 1 50um) 1n 11 0.78 100 -| 13
No. 208{76um) 7.8 7 0.655 82 g4 | -| 78 Humber of Validation Attempts 1
% AC Extranted .3 &2 0084 100 g0 | - | =4 [n)
DustiPheft 1.28 1.28 01087 100 o5 | -] 15 LWT = PARE  .............. ¥
Dea 2.874 2.BBE a.oaTis Esoh PWL Paramaisr | L
Pba 0.40 w2 01088 > 0o Avg. within JMF cpso. imits ¥
Pba 5.8 58 0.071
Ramaris: EMA-3  H-4IS Approved By
Date Firct Ucsd
LaPave 502 v17.05.18 TH22023



JMF of Mix 5

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

Mix 1D 00650-0003v1 | Custom Mame [JMF 320
Des Level 1 Plant Code |PS00000650 - Madden Confracting Company - Sibley
Mix Type Wearing Course Mix Temp 325 AC Corr Factor| -0.28 ADT 1000 - 3500
Mom.AgQg.Size 12 in. Prod Rate 250 Adj.Factor 1.00 Specs 2018
Supplier Material Custom | Agg | Appr. | Bulk sSand| Flat Fnctn| Ret | Het
Code Code MNarme % | Gravity| Grav. |Absp| FAA | Eq | Elng |CAA |Rate| #4 | #8
C|APSO0006710 |1003M00120 [Cove1/2" | 240 2712 | 2647 | 0.9 0.0 [100( n 87 | 96
C|APSO0006T10 |1003M00120 |Cove5/8" | 100| 2705 | 2662 | 0.6 00 (100 0 91 | 94
C|APS00006710 |1003M00120 [Cove Scree| 10.0 | 2727 | 2641 | 1.2 | 47 Il 7 38
C|APS00006710 |1003M00120  [Wash Screg 16.0 | 2717 | 2652 | 0.9 | 45 Il 17 | 458
F|APSO0012660 |1003M00110 [Coarse Sar| 109 | 2678 | 2636 | 06 | 42 | 75 2 3
R|PS00000650  |1003M01000  [Minden Fra 19.1| 2628 (2584 | 05 100 32 | 48
Combined Aggregate Properties| 100 | 2694 | 2637 | 08 | 45 | 75 0 100
Pis Material Code Name % Mix_| PassiMax Rut | LWT(des) | LWTival) | SCB
APS00000360 | 1002MD0035 |Ergon 67-22 4.1 200000 568 0.61
APS00000350 | 1002MD0035 |Lion Gil 67-22 —
APS00010870 | 1002M00035 |Martin 67-22 —
APS00011510 | 1002MD0220 |ZycoTherm SP 0.06
Total %AC from RAP 0%
DESIGN VALIDATION
Parameter Submittal Average Std Dev. PWL | JMF Limits
Gmm 2 466 2.481 2 466 - 2.496
YoGmim, Ni 886 892 Max 91.0
%Gmm,Nm 979 Max 98.0
Gmib Nd 2385 2389 2365-2413
VMA 141 138 Min 135 Submitted to District 04
VA I T4 69 - 80
o\ oids 33 17 2F_45 Campbell, Taylor cmdc0010
% AC 5 5 Submitted B:p'
Gse 2,661 2679 BN22019
Eha 0.35 07 Date Submitted
Phe 47 43 Bryant, Rachel  d04x4
Dust/Pheff 117 125 Checked By
Crushed 100 100 Bn22me
Pass 1 1/2° 100 100 96 - 100 Date Checked
Pass 1" 100 100 96 - 100 Allen, Jeffery dl4k4
Pass 3/4" 100 100 965 - 100 fpproved By
Pass 1/2" 93 94 90 - 98 BR22me
Pass 3/8” 81 83 79-87 Date Approved
Pass No.4 50 50 46 - 54 dldkd Allen, Jeffery
Pass No.8 23 5 33-39 Conditionally Validated By
Pass No.16 3 28 26-20 Bn22019
Pass Mo.30 26 24 22-26 Diate Validated
Pass Mo.50 18 18 16-20 dldk4 Allen, Jeffery
Pass Mo.100 10 10 8-12 Validation Approval By
Pass MNo.200 5.5 5.4 47-61 BH22019

Date Final Approved Validation




JMF of Mix 6

Louisiana Department of Trangportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

[romEeE =1 Piant Coss| PSO0000630-Coastal Bridge. Inc.. LLC - Lataystte ‘ T ln‘ ]
Projagt Ne. HO10248
Zpeos| 2018 Plant Typa 2 dryer drum Mix Type| Wearing Course | Mix Use| WL - Wearing | Dot Lewsd] 2F
EZAL Fmﬂ.HMnl 3810 Mix Ttmpl ] | Eeg No| 158
2. Faotor 1.00 ADTAsE 15800 Momagg.stzs] oEIn | accorrFastor | oas |
Projest Name | Lazg Frojeat Cont. COASTAL LAF. | Project Engr BEAU ISTRE |
Mix Type ‘Wearing Course | Wik Use |IL-er|||n
|Aggregate
Watsrial Zourss Cods Aggr. Typs ager.w |BUEEROL ) e Fas Flats cas | F™
Osb 3and Eg | Elong Raie |%Ret#8
cr. Agar APEISMGEITD [1003MET120-2ANDITONE 108 2.831 [ 42 1 100 1 #1
Cr. Agar APBISMTAED [1003MEE120-78"S 138 2880 0.8 0.8 100 il 87
cr. Agar APEISMTAED [1003MenIZ08'S 1385 2881 [ 4 1 100 il B
RAF Agar F30D000E30  [1003ME1B00-5CR RAP LAF 182 2648 a3
Fins Aggr APBISMTAED [1003MeE110 W11 181 2.471 [ “ il 53
Fine Aggr APS0SU1Z000 |1003M0E110-F. SAKD [ 2.836 0.2 43 B8 ]
Composits a18] 2818 072 45 B8 1.0 100
Agphalt Cement and Addiives Loaded Wheal Tect
wtorial Ecuree Matenzl % of Mix
Code Hame Decign: Ho. Facces
Acphalt Cemant P20D000400  [1003MEGHE0-TE-2IM 4.3 Rut 471
ansmats Acphant
Afemais Acphai ‘Walldation: No. Facses E
Rap Acphakt 0.8 Rut
Andl $trip APBOGMIEZ0 | 1002MEB82E0-Ant-3irip 0.7 3CB Jo:
DEZIGN DATA VALIDATION DATA JMF Limits
Farameter Bubmittal Awerage Sid. Dev PWL {per walld.awg)
Bmm 2.443 2.484 008118 100 2470 [ = [ 2518 Submiltted for Confracter By: [ am ]
%3 men Nin| 88.5 522 1158 [ 20 Date Submitied
%Bmm,Nmax 87.7 #7.7 0182 81 - =
VMA 14.8 136 n.422 54 s | -
WF& T8 72 258 [ gz [ -| =0 Ryan Maddox
% Volds 36 18 0518 81 2z | - | as Technician
% Decign AC 5.0
Comp Temp 300 300 0.00 - - | z2s Propocal Approved Y=rec ¥
% DF Cruched L) = H=Ma
1172 {37.6mm] 100 100 .00 - - | 1o By [ 3ea |
1 In_[26mm) 100 100 .00 - s | -] 1 Date| sz |
24 {18mm) 100 100 0.00 - s [ -] 1m
112in {12.6mm) 84 26 .54 100 21 [ -] =
38In_{B.6mm] 1] 52 .83 100 78 [ -] =8 Fignaturs
No. 4 (4.76mm] 45 46 0.80 100 a1 [ =] a3
Mo. 8{2.38mmn) 15 32 081 100 29 - 35 ‘Validation Approved Y=Yor
Ma.18{1.18mm) 23 28 0.89 100 24 | -] z2= N=HO
o 3H{BO0um) 22 23 [ 100 21 [ -] = By:
Ko.6 820 0um) 1z 18 .47 00 i |- | 18 Dm%
NO199{160um) [ ] n.82 100 7 - 1
No. 208476} 4.8 5.0 0554 a2 =z [ -] &7 Humbes of Validation Attempts
% AC Extraoted 5.0 47 0.055 100 4z [ -] a3 in)
DuctiPbet 0.88 1.48 01388 85 os | - 5 LWT = PASE .ei.ee...
Ooa 2.838 Z.8BE g Eaoh PWL Paramaier i |
Pba 0.08 B0 0.0000 > 00 Avg. within JEF cpeo. lImits
Fba 5.0 41 .00
Remarke:  DISCHARGE TEMF 300 RANGE 175-328 Approved By
Specal Provisions 0117
Dats Firet Used




R

JMF of Mix 7

LOLISIANA SUPERPAVE JMF RELEASE FORM{0312/98)

Project No Plant Cods Mix Code [ 2 __[Dat=ofSpec.
Proj. Eng. JMF Seq. Mo. For Batch Plants
Des Leved Mix Type Wearing [MomMaxAgg Size [ TET Dy Mix Time
Trafic{ADT) Plant Type Double Barrg Use '.I'l.fei M Time E
Sub. By Cont. [Prairie Contractors|Prod Rate (Mghr.) =0 |
Source Aggregate Apparent  Bulk % FAA Sand Equiv. FlatiElong CAA Frict.
Code Siource Type Gravity  Grawity  Abs. Meth."A"  4.75mm % 51 #2Faces Rating
1.000 1.000
ABBQ Wulcan #7BLS 20.48 2712 2.6E3 0.40 0.10 100.0 3
1.000 1.000
1.000 1.000
1.000 1.000
ABBQ Vulcan #BOLS 17.7 2.000 2670 040
ABBQ Vulcan #11L3 3 2.700 2671 040 43.00 39.00 100.0 3
Durrand CoarseSand 12.9 2 655 2 BT 0.40 41.00 93.00
1.000 1.000
1.000 1.000
Prairie  Diamond-B Rap 14.3 2501 2501
ibined Agq. Properties 100.0 2.880 2 656
Mix Gravities "Total Asphalt¥
Code  Material Name Source k] Sp Grav.
Virgin Asphalt PG-G7-22 Martin 4.0 1030 ]
Rec AC Credit Prame Rap Praine 07 2501 |
Anti-Strip 5730 |ADHERELA2 ARR MAZ il
1 i AVG.GYRATORY DATA AT OPTIMUM AC
Awverage Volumefrics Average Cven Extracted
Sieve  SePassing ‘%Design AC GSB[_ 2656 |
Gmim 2,484 11r 100
SGmmMi 807 1 00 Gmm [_Z2454 |Specimen No. 1
%G Nd 086 e 100 Gyration  Htmm  Gmblest) Gmblcom) %Gmm
%%GmmNmax | 96.6 1 a7 M Initial 7 123.3 2220 2239 ED.8
Gmb@des.est| 2.300 aw [ M Design 55 114.5 2400 2400 BE.7
Gmb@des.cor| 2.300 # [i] M Max 55 114.5 2400 2400 BE.7
VMA 138 # 44 Gmb 2400 | Coer. Factor 1.000
VFA 76 #1d EE] AirWt.  Water We. S50 Wt
YeVoids 34 #10 28 | 47515 27854 4TE4E
“Desn A 47 #50 18 WMA 13.8
Gsb Agg. 2.856 #100 [ VFA 78
Slope 173 #200 55 Voids EE]
Comp.Temp. 300 HeExr AC 50 Slope 77
Gmbi{Max) 2.300 DustPeff. 1.1 Gmm 2484 |Specimen Mo 2
“YalCrushed 100.0 Pa Abs. 0180 Gyrafion Ht,mm Gmixest)  Gmb{com)  %Gmm
Fbe 450 M Initial 7 17 2225 2195 BD.6
Gse Est 2675 M Design 55 114.8 2.308 2303 BA.g
Gb T30 M Max ] 114.E 2308 28d [
G=e 2668 Gmb 2308 | Cor. Factor 1.000
AASHTO T283 as Modified by PP28 AirWt.  Water We.  SSD Wt
Control P51 47483 ITE3T 4783.9
TSR % #DN! WMA 138
VFA [
Opt Mixing Temp. Voids 34
Opt. Comp. Temp. Slope 7.78
Submitted for Confractor by Bamy L. Nunez
Date Submitted:
Proposal Approved by: Validation Approved by:
Date Approved: Date Approved:
Remarks:




JMF of Mix 8

£.00
LOWUISIANA SUPERPAVE JMF RELEASE FORM{0S/18/98)
Project Mo Plant Code Mix Code [#5__Ipate of Spec.
Proj. Eng. IMF Seq. Mo For Batch Plants
Des Level Mix Type Wearing [MomMaxAgy Size [ TZS Dy Mix Time
Trafic{ADT) Plant Type Double Barrg Uise Wed Mix Time E
Sub. By Cont. |Prairie Contractors|Prod Rate (Mghr.) 30|
Source Apgregate Apparent  Bulk % FAA Sand BEquiv. Flat&Elong CAA Frict.
Contie Soumrce Type T Gravity  Gravity  Abs. Meth."A”  -4.75mm % 51 +2Faces Rating
1.000 1.0D0
ABBQ Vulean #7BLS 20.4 2712 2683 0.40 0.10 100.0 3
1.000 1.000
1.000 1.000
1.000 1.000
AEBQ Vulean #EOLS 17.7 2.888 2670 0.40
AEBQ Vulean #11LS M3 2700 2671 0.40 40.00 80.00 100.0 3
Durrand CoarseSand 128 2.855 2627 0.40 41.00 83.00
1.000 1.000
1.000 1.000
Praire __ Diamond-B Rap 14.3 2.501 2.501
imbined Agg. Properties 10010 2.880 2656
Mix Gravities "Total Asphaltth
Code  Material Name Source k. Sp Grav.
Virgin Asphalt PG-87-22 Martin 4.0 1.030 |
Rec AC Credit Praine Rap Praine 0.7 2581 |
Anti-Srip 5730 |ADHERELAZ ARR MAZ 0.8
Design Submitted by Contractor AVG.GYRATORY DATA AT OPTIMUM AC
Average Volumefrics Average Owven Extracted
Sieve  %Passing "%Design AC GSB[_ 2856 |
Gmim 2484 1z 100
SEmmMi 89.7 1" 100 Gmm Specimen No. 1
SaGmm Md 26.8 g 100 Gyration  Htrmm  Gmikest] Gmbicom)  %Gmm
%%GmmMmax | 08.6 12z a7 N Initial Fi 123.3 2220 2229 BC.8
Gmbi@des est| 2.380 e ] N Design 55 114.5 2400 2400 BE.7
Gmbi@des.cor| 2.300 # [&] N Max 55 114.5 2400 2400 BE.7
VMA 133 # 44 Gmb 2400 [Com. Factor 1.000
VFA 76 218 3 Air'We Water Wr.  S5D Wt
YeVoids 34 #10 28 [ 47515 27854 areda |
“eDiesn AC 47 &5 16 VMA 138
Gsb Agg. 28356 #100 E] VFA i)
Slope .73 #200 a5 Vaoids 3.3
Ciomp.Temp. 300 SeEnr.AC 5.0 Slope 7.7
Gmb{Max) 2.380 DustPeff. 1.21 Gmm 2484 |[Specimen No. 2
“Crushed 100.0 Pa Abs. 0.180 Gyration  Htrmm  Gmikest] Gmbicom)  %Gmm
Pbe 450 N Initial T 1237 2225 2295 BL.8
Gse Est 2675 N Design 55 114.8 2.388 2388 BE.8
Go 1030 N Max [ 1148 0B 2308 L]
Gse 2.668 Gmb 2388 |Com. Factor 1.000
AASHTO T283 as Modified by PF28 Air'We. Water Wr. 55D Wt
Control PSI 4748.3 7aaT 4783.9
TSR % #DIN! VMA 138
VFA 75
Opt Mixing Temp. Voids 34
Opt. Comp. Temp. m Slope 778
Submitted for Confractor by Bamy L. Hunez
Date Submitted:
Proposal Approved by: Validation Approved by
Date Approved: Diate Approved:
Remarks: - -




JMF of Mix 9

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

Mix 1D 00810-0001v4 | Custom Name |JMF 08
Des Level 1 Plant Code [P300000810 - Madden Construction Company #AP16 - Campti
Mix Type Binder Course Mix Temp 325 AC Corr Factor 0.1 ADT 1000 - 3500
MNom.Agg.Size 34 in. Prod Raie 250 Adj.Factor 1.00 Specs 2018
Suppher Material Cusiom | AQgQ | Appr. | Bulk Sand| Flat Fncin] Ret | Ret
Code Code Mame % |Gravity| Grav. |Absp| FAA | Eq | Elng | CAA |Rate| #4 | #8
C|APSD000G710 [1003M00120 [Cove 1/2* |24.0| 2700 | 2643 | 0.8 00 (100 o | 87 | o8
C|APS00006710 [1003M00120 [Covesia™ |24.2 | 2702 | 2659 | 0.6 00 (100 o | 91 | o4
F|APS0O000GT10 [1003M00110 |Cove Dirty | 80 | 2674 [ 2604 [ 10 | 48 7 | 38
F|APS00006710 [1003M00110  [Cove Wash| 10.0 | 2704 | 2840 [ 09 | 49 17 | 49
F|APS00012660 [1003M04300 |[Skyplex Sal 101 [ 2648 | 2620 | 04 | 40 | 78 0| 2
R|PS00000810  [1003M01000 [Natchitoche| 23.7 | 2679 | 2600 | 1.0 86 30 | 48
Combined Aggregate Properiies| 100 | 26858 | 2633 | 0.8 | 44 78 0 =
PIS Material Code Mame % Mix | Pass/Max Rut | LWTides) | LWT(val) | SCB
APS00000360 | 1002M00035 |Ergon 67-22 33 20000/10 32 43 054
APS00000390 | 1002M00035 |Delek 67-22 — 20000/10 3.28 48 0.79
APS00010870 | 1002M00035 |Martin 67-22 —
APS00003920 | 1002M00220 |LA-2 Anti-strip 060
Total %AC from RAP 13
DESIGN VALIDATION
Parameter Submittal Ayerage Std.Dev. PWL | JMF Limiis
Gmm 2488 248 0.003271 | 100 | 2.485- 2495
%aGEmm,Ni 879 89.8 0.24405 100 Max 91.0
%eEmm,Nm o7 4 97.8 Max 98.0
Gmi,Nd 2.398 2.401 0.0066332 2.377-2425
WVMA 13.1 1259 0.22804 Min 125 Submitted to District 08
VFA 72 75 1.3416 100 £9-80
%\ oids 36 32 0.24405 100 25-45 Camphell, Taylor  cmdc0010
% AC 46 47 0.08367 Submitted By
Gse 267 2.661 0.0072664 10/30/2019
Pba 0.54 05 0.10512 Date Submitted
Phe 4.1 41 0.05477 James, Chris 00273003
Dust/Pheff 1.2 1.13 0.060992 Checked By
Crushed 100 100 i 100 10/3072019
Pass 1 1/2° 100 100 i 100 965 - 100 Date Checked
Pass 1" 100 100 i 100 965 - 100 James, Chris 00273003
Pass 3/4" 100 100 i 100 95 - 100 Approved By
Pass 1/2" a3 86 14832 82-90 10/30/2019
Pass 3/8° 73 73 2 69-77 Date Approved
Pass No.4 49 45 10235 41-49 00273003 James, Chris
Pass No.B 34 34 1.4142 100 3M-37 Conditionally Validated By
Pass No.16 28 7 0.5944 25-29 11/8/2019
Pass No.30 22 22 05477 20-24 Date Valdated
Pass No.50 14 13 05477 11-15 00273003 James, Chris
Pass No. 100 i T 04472 5-9 Validation Approval By
Pass No.200 49 47 0.23452 100 4-54 11/8/2019

Diate Final Approved Validation




JMF of Mix 10

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

Mix D 00810-0002v3 | Custom Mame |JMF 13
Des Level 1 Plant Code  |PSOD000810 - Madden Construction Company #AP16 - Campti
Mix Type Wearing Course Mix Temp 325 AC Corr Factor| -0.28 ADT 1000 - 3500
Nom.Agg.Size 12 in. Prod.Rate 250 Adj Factor 1.00 Spets 2018
Suppler Matenal Cusiom | AQQ | Appr. | Bulk Sand| Fiat Frcin] Het | Het
Code Code Mame | % |Gravity| Grav. |Absp| FAA| Eg | Elng | CAA |Rate| #4 | #8
C|APSD0006T10 [1003M00120 |Cove 12 |24.0| 2700 | 2643 | 08 oo |mwo| n | &r | 96
C|APSO0006T10 [1003M00120 |Cove 58" [100| 2702 ] 2658 | 06 oo (w0 | 91| w4
F|APS00006710 [1003M00110 |Cove Dirty § 10.0 | 2.674 | 2604 | 1.0 | 48 7 | 38
F|APS00006710 [1003M00110  |Cove Wash| 16.0 | 2704 [ 2640 | 0.9 | 49 17 | 49
F|APS00012660 |[1003M04300 |Skyplex Sal 11.0 | 2648 [ 2620 | 04 | 40 | 78 E
R|PS0O0000810 |1003M01000  |Matchitoche| 19.0 | 2679 | 2608 | 1.0 85 a0 | 48
Combined Aggregate Properties| 100 | 2688 | 2631 | 08 | 45 | 78 0 96
PiS Material Code Mame % Mix | Pass/Max Rut | LWTides) | LWT{val) | SCB
APS00000360 | 1002MD0035 |Ergon 67-22 4 2000010 288 3.14 0.61
APS00000390 | 1002MD0035 |Delek 67-22 — 2000010 304 39
APS00010570 | 1002MD0035 |Martin 67-22 —
APS00003520 | 1002MD0220 |LA-2 Anti-sirip 0.60
Total %AC from RAP 1.0
DESIGN VALIDATION
Parameter Submittal Average Std Dev. PWL | JMF Limits
Gmm 2473 2479 | 00053198 | 100 | 2464-2494
3o, Ni 884 889 0.27019 100 Max 910
%oEmm,MNm a7 g Max 98.0
G Nd 2385 23587 | 00041533 2.363- 2411
VMA 1389 139 016733 Min 13.5 Submitted to District 08
VEA 74 73 1.5166 100 B0 - 80
%V oids 36 a7 0.21679 100 25-45 Campbell, Taylor  cmdc0010
% AC 5 51 0.08944 Subritted By
Gse 267 2679 0.0037815 117172019
Pba 057 07 0.05454 Date Submited
Phe 45 4.4 0.14832 James, Chris 00273003
Dust/Pueff 1.22 11 0.021909 Checked By
Crushed 100 100 0 100 11722019
Pass 1 1/2° 100 100 0 100 95 - 100 Date Checked
Pass 1" 100 100 0 100 96 - 100 James, Chris 00273003
Pass 34" 100 100 0 100 96 - 100 Approved By
Pass 1/2" 93 a3 1.1402 80 -97 11722019
Pass 3/8" 21 a2 27928 75-86 Date Approved
Pass Nod 50 49 1.1402 45-53 00273003 James, Chris
Pass No.8 38 36 0.8944 100 33-30 Ceonditonally Validated By
Pass No.16 3 28 0.7071 26-30 11/62019
Pass No.30 26 ] 0.4472 20-24 Date Validated
Pass No.50 18 14 0 100 12-16 00273003 James, Chris
Pass No.100 10 T 0.4472 5-9 Validation Approval By
Pass No.200 55 458 0.11402 100 41-55 11/6/2019

84—

Diate Final Approved Validation




JMF of Mix 11

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

ProjectiD | HOOT873.6 [BAYOU BOEUF AND TURNER CANAL BRIDGI Proj.Eng. [Montalvo, Joseph

Mix ID 00780-0003v2 | Custom Name [JMF11 LIWCR
Des Level 1 Plant Code |PS00000780 - Diamond B Construction Company, LLC - Alexandna
Mix Type | Wearing Course |  Mix Temp 325  |AC CorrFactor| -0.28 ADT = 7000
Nom_Agg. Size 12 in. Prod Rate 250 Adj_Factor 1.00 Specs 2018
Suppher Matenal custom | AQJ | Appr. | Bulk =and| Hat Fnctn| Het | Het
Code Code MName % |Gravity| Grav. |Absp| FAA | Eq |Eing |CAA |Rate| #4 | #3
C|APS00007380 [1003M00120 |#78 Limest] 22.7 | 2.707 | 2678 | 04 01|00 [ 90| 96
C|APS00007380 [1003M00120  |#89 Limest] 25.1 | 2697 | 2675 | 0.3 o1 (00| n | &6 | 90
F|APS00D007380 [1003M00110  [#11 Limest] 21.0 | 2.700 | 2671 | 0.4 | 49 | 43 11 ] 35
F|APS00011720 [1003M00110 |Coarse San| 12.2 | 2662 | 2620 | 06 | 40 | 70 0| 3
R|PS0D0000750 [1003MO01000 |RAP 190] 2628 [ 2504 | 1.0 M| 5
Combined Aggregate Properties| 100 | 2683 (2653 | 05 | 44 | 85 | 041 | 100
PiS Material Code Name % Mix | PassiMax Rut | LWT(des) | LWT(val) | SCB
PSO0000780 | 1002MD0250 PG 67-22+Latex 37 2000010 312 47 092
PSOD004710 | 1002MO0300 |Latex 250
APS00014940 | 1002M00220 |Anti-Strip 0.60
Total %AC from RAP 1.0
DESIGN VALIDATION
Parameter Submittal Average Std Dev. PWL | JMF Limits
Gmm 2476 2481 0.0083964 | 100 | 2.466- 2496
%oGmm, Ni 887 856 0.55045 100 Max 610
%5mm,Nm a7 7 95.8 Max 98.0
Gmb,Nd 239 2379 | 0.0061807 2.355- 2403
WA 14.1 145 026833 Min 13.5 Submitted to District 08
VEA 75 72 2.8636 24 9 - 80
%\ oids 3.5 41 0.43012 82 25-45 Garza, Tony  cdbcD066
% AC 47 48 0.15166 Submitted By
Gse 266 2666 | 0.0043932 8262019
Pha 0.1 02 0.06557 Date Submitted
Phe 46 45 0.18708 James, Chris 00273003
DustiPbeff 147 127 011811 Checked By
Crushed 93 100 0 100 9/3/2019
Pass 112 100 100 0 100 95 - 100 Date Checked
Pass 1" 100 100 i 100 96 - 100 James, Chris 00273003
Pass 34" 100 100 0 100 596 - 100 Approved By
Pass 172" o8 o7 0.4472 93-100 93209
Pass /8" 26 B9 0.4472 B5 -3 Date Approved
Pass Nod 54 59 11402 55 - 63 00273003 James, Chris
Pass No.B 38 38 0.5477 100 35-41 Conditionally Vabidated By
Pass No.16 0 28 i 100 26-30 93209
Pass No.20 2 2 0 100 20-24 Date Validated
Pass No.50 12 13 0.5477 11-15 00273003 James, Chris
Pass No.100 8 8 05477 6-10 Validation Approval By
Pass No.200 hd AT 0.34641 100 h-64 afyY2019

Date Final Approved Validation




JMF of Mix 12

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

Mix 1D 00810-0007w1 | Custom Name [JMF 17
Des.Level 1F Plant Code [PS00000810 - Madden Censtruciion Company #AP16 - Campti
Mix Type | Wearing Course | Mix Temp 325 |ACComrFactor| -0.18 ADT 3500 — 7000
Nom.Ago.Size 172 in. Prod.Rate 250 Adj Factor 1.00 Specs 2018
Suppher Matenal Cusiom | AQQ | Appr. | Bulk Sand| Flat Fncin] Ret | Ret
Code Code Mame % |Gravity| Grav. |Absp| FAA | Eq | Eing [ CAA [Rate| #4 | #28
C|APSO0006710 [1003M0D120 [Cove 172° | 24.0| 2700 | 2643 | 0.8 o0 [100] n | 87 | 96
C|APSD00DGT10 [1003M0D120 [CoveSig” [10.0] 2702 | 2659 | 06 oo (100 n [ 91| o4
F|APS00006710 [1003MOD110 |Cove Dirty | 10.0 | 2674 | 2604 | 1.0 | 48 7 | 38
F|APS0O00DG710 [1003M0D110 |Cove Wash| 160 | 2704 | 2640 | 0.9 | 49 17 | 49
F|APSDOD12660 [1003M04200 |Skyplex Sa 11.0 | 2648 | 2620 | 04 | 40 | 78 0| 2
R|PS00000210 [1003MO01000 |Matchitoche| 19.0 | 2679 | 2609 | 1.0 86 30 | 48
Combined Aggregate Properties| 100 | 2689 | 2631 | 08 | 45 | 78 0 96
RS Material Code Name % Mix | PassMax Rut | LWTides) | LWTival) | SCB
APS00000360 | 1002M00040 |Ergon 70-22 4.1
APS00000390 | 1002M0D0040 |Lion Qil 70-22 — 20000110 396 40 0.78
APS00014940 | 1002ZM00220 |LA-2 Anti-strip 0.60
Total %AC from RAP 10
DESIGN VALIDATION
Parameter Submittal | Average | StdDev. | PWL | JMF Limits
Gmm 2476 2481 00030456 | 100 | 2.466- 2496
%Gmm,Ni 29 891 0.30332 100 Max 91.0
%Gmm,Nm 976 97 6 Max 98.0
Gmib.Nd 239 2394 | 00028835 237-2418
WA 138 136 0.13033 Min 13.5 Submitted to District 0
VEA 75 74 16733 100 B0 - 80
%\oids 35 35 0.23875 100 25-45 Campbell, Taylor  cmdc0010
% AC 51 51 016733 Submitied By
Gse 2678 2692 0.0066708 672021
Fha D69 07 0.0946 Date Submitted
Phe A4 A4 0.11402 Credeur, David 00323747
Dust/Pheff 118 1.35 0.04219 Checked By
Crushed 100 100 i 100 672021
Pass 1 1/2° 100 100 0 100 96 - 100 Date Checked
Pass 1" 100 100 0 100 96 - 100 Kelly, Jordan  d086g
Pass 3/4" 100 100 0 100 96 - 100 Approved By
Pass 1/2" o4 92 0.8367 85 - 96 672021
Pass 3/8" 83 62 16733 75 - 86 Date Approved
Pass No.4 49 51 21213 47 -55 d086g Kelly, Jordan
Pass No.& 36 a7 12247 100 34-40 Conditionally Validated By
Pass No.16 28 29 1.0954 27-31 BI9/2021
Pass No.30 23 24 0.5044 22-26 Dats Validated
Pass No.50 14 15 0.4472 13-17 d086g Kelly, Jordan
Pass Mo.100 8 a 05477 G6-10 Validation Approval By
Pass No.200 h2 58 0.24083 100 52-66 202021

LaPave Online - JMF Report

Report By Campbell, Taylor

cmdc0010

Diate Final Approved Validation

O/30/2021 8:24:58 AM




JMF of Mix 13

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

Mix 1D 05850-0015v1 | Custom Name [SMA
Des Level SMA Plant Code [PS00005850 - Madden Confracting - Port Allen, LA
Mix Type | Wearing Course | Mix Temp 325 AC Caorr Factor| -0.08 ADT = 7000

Nom.Agg . Size 12 in. Prod Rate 350 Adj.Factor 1.00 Specs 201872021

Suppher Material Custormn | Agg | Appr. | Bulk sSand| Hlat Fncin] Het | Het

Code Code Name % |Gravity| Grav. [Absp| FAA | Eq | Elng |CAA |Rate | #4 | #8
C|APS0O0006E50 {1003M00120 |P 78 SAND| 24.0 | 2662 | 2560 | 15 10 (100 1 | 74 | o1
C|APS0O0006E50 [1003M00120 |PBETM SA| 10.0 | 2684 | 2575 | 13 09 (100 1 | 80 | @3
C|APS00012880 |1003M00120  [#79'S o0 2722|2671 OF 10 (100 m | 85 | 98
F|APS00006800 {1003M00110 |AGG LIME | 18.0 | 2704 | 2847 | 08 | 48 m | o 1
Combined Aggregate Properties| 100 | 2693 | 2622 | 1 43 1 100

PiS Material Code MName % Mix | PassMax Rut | LWTides) | LWTival) | SCB

APS00000400 | 1002MD0050 |PGTE-22M 6.3 20000/6 304 44 0.85
PS00004680 | 1002M00230 |FIBERS 0.30
APS00011510 | 1002M00220 |SP 0.07
DESIGN VALIDATION

Parameter Subrnittal Average Std.Dev. PWL | JMF Limits
Emm 2421 2424 0.002168 | 100 | 2.400-2439
%eGmm,Mi 264 854 0.57009 100 Max 90.0
YGmm, Mm
Gmi,Nd 2.336 2335 0.0038471 2311- 2350
YMA 16.5 165 0.13038 Min 16.0 Submitted to District 61
YFA 74 78 0.8367 100 59 - 80
%\Voids 35 a7 0.16432 100 25-45 Langley, Kent  cmdc0013
% AC 6.3 6.2 0.07071 Submitted By
Gse 2663 2662 0.0037149 4122022
Pha 0.5 0.6 0.05362 Date Submited
Phe 57 ER 0.04472 Jennings, Cotina  d&1i7
DustPheff 147 1.42 0.068411 Checked By
Crushed 100 100 0 100 4n22022
Pass 1 1/2 100 100 0 100 95 - 100 Date Checked
Pass 1 100 100 0 100 96 - 100 Maher, Sean 00335801
Pass 314" 100 100 0 100 96 - 100 Approved By
Pass 172" 91 oz 15311 85-96 4ner2022
Pass 3/8" 72 73 0.8367 BO-T7 Date Approved
Pass No.4 KL 33 05477 20-37 00335891 Maher, Sean
Pass No.8 23 23 0.8367 100 20-26 Conditionally Validated By
Pass No.16 20 20 0.8367 168-22 718/2022
Pass Ne.30 16 17 07071 15-19 Date Vabidated
Pass No.50 13 14 0.5477 12-16 00335891 Maher, Sean
Pass No.100 1" 12 0.5477 10-14 Validation Approval By
Pass No.200 84 8 0.35749 100 T3-87 7202022

Diate Final Approved Validation




JMF of Mix 14

Lousiana Department of Transportation and Development
JMF SUPERPAVE ASPHALTIC CONCRETE MIXTURES

88—

Mix ID 05850-0009v0 | Custom Name [L1 BINDER
Des. Level 1 Plant Code |PS00005850 - Madden Contracting - Port Allen, LA
Mix Type Binder Course Mix Temp 325 AC Corr Factor| -0.11 ADT 3500 ~ 7000
Nom Size 304 1n, || Prod.Rate 350 Adj.Factor 1,00 Specs 2018
“I Supplier Material Custom | Agg | Appr. | Bulk Sand| Flat Frictn| Ret | Ret
Code Code Name % |Gravity| Grav. |Absp| FAA | Eq | Elng | CAA |Rate| #4 | #8
Combined Aggregalte Properties| 0

[ PIS Material Code Name °% Mix | Pass/Max Rut |LWT(des)| LWT(val) | SCB

APS00000400 | 1002M00040 [PG70-22M 42 20000/10 4,93 0.66

APS00000510 | 1002M00040 |PG70-22M —

APS00011510| 1002M00220 (SP 0.10

DESIGN VALIDATION

Parameter Submittal Average Std.Dev. PWL | JMF Limits

Gmm 2.508 2.493 - 2.523

%Gmm,Ni 88.3 Max 81.0

%Gmm,Nm 97.8 Max 98.0

Gmb,Nd 2.417 2.393-2.441

VMA L Min 125 Submitted to District __ 61
VFA 0 69 - 80 -
%\ oids 36 25-45 Maher, Eric  cmdc0026
% AC 42 Subritted By

Gse 2.676 21412022

Pba 0 Date Submitted

Pbe 402 Maher, Sean 00335891
'Dust/Pbeff 0.83 ™

Crushed 99 2/4/12022

Pass 1 1/2" 100 96 - 100 s

Pass 1" 100 96 - 100 Maher, Sean 00335891
Pass 3/4" 98 94 - 100 Approved By
[Pass 112" 82 78 - 86 2/4/2022

Pass 3/8" 65 61-69 Kehe Approved

Pass No.4 33 29-37

Pass No.8 27 24 - 30 Conditionally Validated By
Pass No.16 24 22-26

‘Pass No.30 22 20-24 Date Validated

Pass No.50 15 13-17

Pass No.100 7 5-9 Validation Approval By

Pass No.200 3.9 3.2-46

Date Final Agproved Validation
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	Asphalt pavement is designed to withstand traffic loads while minimizing deterioration. Cracking is a significant distress that occurs in asphalt pavement, particularly at intermediate and low temperatures. The increased usage of sustainable materials, such as reclaimed asphalt pavement (RAP), in asphalt pavement can lead to high stiffness in the asphalt mixture due to the introduction of aged asphalt binder. This introduces concerns regarding durability that cannot be adequately addressed by the current vo
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	To overcome this limitation, performance-based testing is being introduced to complement the conventional volumetric asphalt mixture design and assess the cracking and rutting performance of asphalt mixtures. The Louisiana Department of Transportation and Development (DOTD) Specifications for Roads and Bridges specify the semi-circular bend (SCB) test as a complementary method to evaluate cracking resistance [4-6]. The SCB test is performed on long-term aged (LTA) samples that undergo a 5-day conditioning p
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	Currently, the quality control/quality assurance (QC/QA) specifications in Louisiana focus primarily on controlling the volumetric and physical properties of asphalt mixtures, without incorporating fundamental properties obtained from mechanistic tests to assess cracking resistance [7]. By implementing the SCB test in QC/QA procedures, the quality of asphalt mixtures in terms of cracking resistance can be monitored during production and construction.
	Currently, the quality control/quality assurance (QC/QA) specifications in Louisiana focus primarily on controlling the volumetric and physical properties of asphalt mixtures, without incorporating fundamental properties obtained from mechanistic tests to assess cracking resistance [7]. By implementing the SCB test in QC/QA procedures, the quality of asphalt mixtures in terms of cracking resistance can be monitored during production and construction.
	 

	However, a challenge arises from the requirement of a 5-day laboratory aging process for the SCB test, as stipulated by AASHTO R30, Standard Practice for Laboratory Conditioning of Asphalt Mixtures, to simulate long-term aging in the field. Clearly, a 5-day aging duration is impractical for the implementation of the SCB test in QC/QA procedures. Although several research studies have attempted to develop expedited laboratory aging methods, there is currently no reliable and practical method with a consensus
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	Literature Review
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	Asphalt mixtures undergo both short-term and long-term aging processes. Short-term aging occurs during production and construction stages due to the high temperatures involved, while long-term aging continues throughout the service life of the pavement under the combined effects of traffic and environmental loading. As a composite material, the aging state of an asphalt mixture depends on various volumetric properties, including air voids, asphalt content, asphalt film thickness, and aggregate gradation. Ag
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	This section provides a concise review of existing studies that have investigated the effects of oxidative aging on the physical/mechanical and chemical properties of asphalt binders and asphalt mixtures, with a particular focus on crack resistance. The aim is to explore the different testing methods, theories, and analysis approaches employed in these studies. Additionally, this review aims to survey the available aging indices that have been developed to characterize and track the aging states of asphalt 
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	Numerous research studies have investigated the impacts of aging on asphalt binders and mixtures. Commonly employed physical/mechanical testing methods include Superpave performance grading, dynamic shear rheometer (DSR), and bending beam rheometer (BBR). These tests help evaluate the fundamental properties of asphalt binders and their responses to various stress conditions, such as stiffness and ductility. Chemical testing methods, such as Fourier transform infrared spectroscopy (FTIR), gel permeation chro
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	Theoretical frameworks have been proposed to understand the mechanisms behind aging and its influence on crack resistance. These include the time-temperature superposition principle, which allows for the prediction of long-term aging effects based on short-term laboratory aging data. Additionally, models based on rheological properties, such as the master curve approach, have been developed to predict the performance of asphalt binders and mixtures under various loading conditions.
	Theoretical frameworks have been proposed to understand the mechanisms behind aging and its influence on crack resistance. These include the time-temperature superposition principle, which allows for the prediction of long-term aging effects based on short-term laboratory aging data. Additionally, models based on rheological properties, such as the master curve approach, have been developed to predict the performance of asphalt binders and mixtures under various loading conditions.
	 

	To characterize and track the aging states of asphalt binders, various aging indices have been developed. These indices aim to capture the changes in physical and chemical properties caused by aging and correlate them with the crack resistance of asphalt 
	mixtures. Examples of aging indices include the delta Tc (ΔTc), Glover-Rove (G-R) parameter, and R-index. These indices provide valuable information for assessing the susceptibility of asphalt mixtures to cracking and can be used in mixture design and quality control processes.
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	Oxidative Aging of Asphalt Binders
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	The aging of asphalt binder occurs during the asphalt mixture production process and continues through the service life of the pavement. In general, aging increases the stiffness of asphalt binder and leads to reduced cracking resistance of the asphalt mixture. The aging of asphalt binder can be attributed to several mechanisms, including oxidation, polymerization, volatilization, condensation, and structural morphological changes. Among these mechanisms, oxidative aging has been shown to be the principal r
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	Petersen et al. investigated the relationship between viscosity and chemical properties during the oxidative aging process on a group of asphalt binders from the SHRP materials library [8]. Results indicated that the studied asphalt binders showed similar aging kinetics, with an initial rapid reaction “spurt” followed by a slower, constant rate reaction. The slow and constant rate reaction was found to be the dominant aging reaction in the field. The formation of ketones and sulfoxides was reported to be th
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	To simulate field aging in a laboratory, Bell et al. indicated that the elevated temperature and pressure of oxygen were able to accelerate the oxidative aging process of asphalt binder during the Strategic Highway Research Program (SHRP) study [14]. They reported that the oxidative aging progression was affected by asphalt mixture characteristics, including aggregates absorption properties, asphalt mixture densities, and asphalt film thickness. Thus, it is necessary to consider these factors when developin
	conditioning compacted specimens in a forced oven at 85°C for 5 days to simulate the long-term field aging in the laboratory [10].
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	Kim et al. conducted the National Cooperative Highway Research Program (NCHRP) Project 9-54, Long-Term Aging of Asphalt Mixtures for Performance Testing and Prediction [15]. The objective of this study was to develop a practical and efficient laboratory long-term aging method for asphalt mixture performance testing. This study investigated the conditioning of loose asphalt mixtures and compacted samples using the conventional forced draft oven and pressure aging vessel (PAV). In this study, loose mixture ag
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	Several chemical analyses that can be used to investigate the components and molecular transformation of asphalt binders during the oxidation aging process have been identified in this literature review. Researchers use high-pressure gel permeation chromatography (HP-GPC) to study the size distribution of molecules in asphalt binder. GPC performs the separation of molecules in a sample based on the sizes, or more specifically, the hydrodynamic volumes of the molecules, a technique analogous to the aggregate
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	Petersen conducted a study to investigate the role of sulfoxide formation on physical properties during oxidative age hardening in asphalt binders [11]. It was shown that sulfoxide functional groups increased during oxidative aging, which resulted in the increased viscosity of asphalt binders. Newcomb et al. used the continuous performance grades (high and low temperatures) and the FTIR carbonyl area obtained from extracted asphalt binders to evaluate the aging equivalence between field aging due to product
	Petersen conducted a study to investigate the role of sulfoxide formation on physical properties during oxidative age hardening in asphalt binders [11]. It was shown that sulfoxide functional groups increased during oxidative aging, which resulted in the increased viscosity of asphalt binders. Newcomb et al. used the continuous performance grades (high and low temperatures) and the FTIR carbonyl area obtained from extracted asphalt binders to evaluate the aging equivalence between field aging due to product
	 

	Rheological Characterization of Aged Asphalt Binder
	Rheological Characterization of Aged Asphalt Binder
	 

	In early studies, the ductility of asphalt binders was reported to be a good indicator of their cracking susceptibility [18, 19]. The ductility was measured at a reduced temperature (near 15°C) and elongation rate of 1 cm/min. It was generally believed that significant cracking would occur when the ductility of asphalt binders is 3 cm or lower. 
	In early studies, the ductility of asphalt binders was reported to be a good indicator of their cracking susceptibility [18, 19]. The ductility was measured at a reduced temperature (near 15°C) and elongation rate of 1 cm/min. It was generally believed that significant cracking would occur when the ductility of asphalt binders is 3 cm or lower. 
	 

	Glover investigated the effect of asphalt binder aging on long-term pavement cracking performance by characterizing asphalt binder aging in terms of rheological properties [20]. A Maxwell model consisting of a spring (linear elastic element) and a dashpot (viscous element) was utilized to simulate the viscoelastic behavior of asphalt binder (see Figure 1).
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	Figure 1. The Maxwell Model: An Elastic and Viscous Element in Series [20] 
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	A master curve was used to obtain the required parameters to calculate G-R. The master curve characterizes the stiffness of asphalt binders over a wide range of frequency and temperatures. Figure 2 shows a typical master curve that utilizes the complex shear modulus, G*, and reduced frequency to describe the viscoelastic properties of asphalt binder as a function of time and temperature. Moreover, a mathematical model was used that can characterize the viscoelatic properties of asphalt binder, as shown in E
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	Figure 2. A Typical Master Curve and Physical Properties  [24] 
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	The master curve parameters (R and ωc) have specific physical significance. The rheological index, R, is defined as the difference between the log of the glassy modulus and the log of the dynamic modulus at the crossover frequency. The R reduces with the stiffness. The crossover frequency, ωc, is the frequency at which the storage modulus G’ is equal to loss modulus G’’, or where the phase angle is equal to 45°C. The modulus at crossover frequency is defined as crossover modulus. As the stiffness of asphalt
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	Cracking is recognized as a major distress that decreases the service life of flexible pavements. Sufficient cracking resistance of asphalt mixtures is imperative to minimize the cracking potential of pavement. SCB test has been developed based on fracture mechanics to evaluate the cracking resistance of asphalt mixtures. 
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	Test specimens with semi-circular geometry and a single-edge notch were first developed to measure the toughness of rock materials [25].  The Jc-integral concept, the nonlinear elastic energy release rate, was proposed by Rice [26], based on Paris law [27], to estimate strain concentration at smooth-ended notch tips in elastic and elastic-plastic materials. Equation (3) shows how the Jc -integral is calculated. 
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	Jc = critical strain energy release rate, 
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	U = total strain energy up to failure.
	 

	The SCB test and validity of Jc as a cracking resistance evaluation parameter has been widely studied and verified in numerical simulation, laboratory experiments, and field performance [15, 28-37]. 
	The SCB test and validity of Jc as a cracking resistance evaluation parameter has been widely studied and verified in numerical simulation, laboratory experiments, and field performance [15, 28-37]. 
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	The objective of this project was to establish a specification for the practical implementation of the semi-circular bend (SCB) test in the field QC/QA phases of asphalt mixture production and construction. The specific objectives of the study were to:
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	1. Investigate the impact of laboratory aging on the chemical and rheological properties of asphalt binders, as well as the cracking resistance of asphalt mixtures. This analysis will provide insights into the changes that occur in asphalt binders and mixtures as a result of aging.
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	2. Identify the statistically significant parameters that play a crucial role in predicting the critical strain energy release rate (SCB Jc) of asphalt mixtures due to aging. By determining these influential parameters, the study aims to enhance the accuracy of SCB Jc predictions.
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	3. Develop practical approaches for the prediction of LTA SCB Jc for QC/QA testing programs.
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	By accomplishing these objectives, this research will contribute to the establishment of a robust specification for incorporating the SCB test into the field QC/QA procedures of asphalt mixture production and construction. This specification will enhance the ability to assess and monitor the cracking resistance of asphalt mixtures, ensuring the long-term performance and durability of asphalt pavements.
	By accomplishing these objectives, this research will contribute to the establishment of a robust specification for incorporating the SCB test into the field QC/QA procedures of asphalt mixture production and construction. This specification will enhance the ability to assess and monitor the cracking resistance of asphalt mixtures, ensuring the long-term performance and durability of asphalt pavements.
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	In this study, 14 asphalt mixtures produced in asphalt plants and located on local and interstate roads in Louisiana were utilized. The characterization of each asphalt mixture was performed at the Louisiana Transportation Research Center (LTRC) asphalt laboratory.
	In this study, 14 asphalt mixtures produced in asphalt plants and located on local and interstate roads in Louisiana were utilized. The characterization of each asphalt mixture was performed at the Louisiana Transportation Research Center (LTRC) asphalt laboratory.
	 

	Laboratory compaction was performed on the asphalt mixtures, and the compacted samples were subsequently subjected to aging at 85°C for five different durations: 0, 2, 5, 7, and 10 days. Following the aging process, the semi-circular bend (SCB) test, in accordance with ASTM D8044, was conducted on the samples to determine the output parameter, Jc. The SCB test provides crucial information about the cracking resistance of asphalt mixtures.
	Laboratory compaction was performed on the asphalt mixtures, and the compacted samples were subsequently subjected to aging at 85°C for five different durations: 0, 2, 5, 7, and 10 days. Following the aging process, the semi-circular bend (SCB) test, in accordance with ASTM D8044, was conducted on the samples to determine the output parameter, Jc. The SCB test provides crucial information about the cracking resistance of asphalt mixtures.
	 

	Upon completion of the SCB test, the asphalt binders were extracted and recovered from the aged samples. The auto extraction method, outlined in ASTM D8159, was employed for asphalt binder extraction, followed by the Abson method, in accordance with ASTM D1856, for the recovery process. Chemical and rheological characterizations of the recovered asphalt binders were then conducted. 
	Upon completion of the SCB test, the asphalt binders were extracted and recovered from the aged samples. The auto extraction method, outlined in ASTM D8159, was employed for asphalt binder extraction, followed by the Abson method, in accordance with ASTM D1856, for the recovery process. Chemical and rheological characterizations of the recovered asphalt binders were then conducted. 
	 

	To analyze the chemical properties of the recovered asphalt binders, Saturates Aromatics Resins Asphaltenes (SARA) analysis, Fourier transform infrared spectroscopy (FTIR) analysis, and gel permeation chromatography (GPC) tests were performed. These tests provide insights into the composition and chemical characteristics of the asphalt binders. The rheological properties of the recovered asphalt binders were also evaluated through various tests, including high temperature performance grade (HPG), bending be
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	Results obtained from asphalt binders’ chemical and rheological characterizations, as well as SCB testing, were analyzed to develop practical approaches for the prediction of LTA SCB Jc for QC/QA testing programs. 
	Results obtained from asphalt binders’ chemical and rheological characterizations, as well as SCB testing, were analyzed to develop practical approaches for the prediction of LTA SCB Jc for QC/QA testing programs. 
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	This chapter provides detailed descriptions of the asphalt materials utilized in this study, along with an overview of the testing methods employed for both asphalt binders and asphalt mixtures. Each test is accompanied by a concise review of its background, practical application, and data analysis procedures. 
	This chapter provides detailed descriptions of the asphalt materials utilized in this study, along with an overview of the testing methods employed for both asphalt binders and asphalt mixtures. Each test is accompanied by a concise review of its background, practical application, and data analysis procedures. 
	 

	Materials
	Materials
	 

	14 asphalt mixtures produced at various construction sites in Louisiana were included in this study (see Table 1). These mixtures were collected to represent the typical asphalt materials used in the region. The aggregates employed in the mixtures consisted of limestone and granite, which are commonly utilized in Louisiana and conform to the state's specification criteria for gradation.
	14 asphalt mixtures produced at various construction sites in Louisiana were included in this study (see Table 1). These mixtures were collected to represent the typical asphalt materials used in the region. The aggregates employed in the mixtures consisted of limestone and granite, which are commonly utilized in Louisiana and conform to the state's specification criteria for gradation.
	 

	The experimental factorial design encompassed the following factors:
	The experimental factorial design encompassed the following factors:
	 

	 Asphalt Binder Types: Five types of asphalt binders were considered: PG 67-22 (unmodified), PG 70-22 (styrene-butadiene-styrene (SBS) modified), PG 70-22 (Latex modified), PG 76-22 (SBS modified), and PG 82-22 (Crumb Rubber modified). They represent different asphalt binder compositions commonly used in asphalt pavement construction.
	 Asphalt Binder Types: Five types of asphalt binders were considered: PG 67-22 (unmodified), PG 70-22 (styrene-butadiene-styrene (SBS) modified), PG 70-22 (Latex modified), PG 76-22 (SBS modified), and PG 82-22 (Crumb Rubber modified). They represent different asphalt binder compositions commonly used in asphalt pavement construction.
	 Asphalt Binder Types: Five types of asphalt binders were considered: PG 67-22 (unmodified), PG 70-22 (styrene-butadiene-styrene (SBS) modified), PG 70-22 (Latex modified), PG 76-22 (SBS modified), and PG 82-22 (Crumb Rubber modified). They represent different asphalt binder compositions commonly used in asphalt pavement construction.
	 Asphalt Binder Types: Five types of asphalt binders were considered: PG 67-22 (unmodified), PG 70-22 (styrene-butadiene-styrene (SBS) modified), PG 70-22 (Latex modified), PG 76-22 (SBS modified), and PG 82-22 (Crumb Rubber modified). They represent different asphalt binder compositions commonly used in asphalt pavement construction.
	 


	 Asphalt Mixture Types: Two mixture types were investigated: dense-graded (HMA) and gap-graded (SMA).
	 Asphalt Mixture Types: Two mixture types were investigated: dense-graded (HMA) and gap-graded (SMA).
	 Asphalt Mixture Types: Two mixture types were investigated: dense-graded (HMA) and gap-graded (SMA).
	 


	 RAP materials: The studied asphalt mixtures contained RAP materials with content ranging from 0% to 26%.
	 RAP materials: The studied asphalt mixtures contained RAP materials with content ranging from 0% to 26%.
	 RAP materials: The studied asphalt mixtures contained RAP materials with content ranging from 0% to 26%.
	 



	The job mix formulas (JMFs) for the studied mixtures can be found in the Appendix. Typically, asphalt mixtures with finer gradation are utilized for the wearing course (WC) layer, which is the topmost layer of the pavement, responsible for withstanding traffic and providing a smooth riding surface. On the other hand, coarser asphalt mixtures are typically used for the binder course (BC) layer, which lies beneath the wearing layer and provides additional structural support to the pavement. By considering the
	comprehensive database containing data for asphalt mixtures using aggregates, asphalt binders, and modifiers commonly used by Louisiana DOTD.
	comprehensive database containing data for asphalt mixtures using aggregates, asphalt binders, and modifiers commonly used by Louisiana DOTD.
	 

	Table 1. Asphalt Mixtures Composition 
	Table
	TBody
	TR
	Span
	Mixture Designation 
	Mixture Designation 

	RAP Content (%) 
	RAP Content (%) 

	Total %AC 
	Total %AC 

	Asphalt Binder PG 
	Asphalt Binder PG 

	Modifier 
	Modifier 

	Va (%) 
	Va (%) 

	VMA (%) 
	VMA (%) 

	VFA (%) 
	VFA (%) 

	Pbe (%) 
	Pbe (%) 

	D/B 
	D/B 


	TR
	Span
	M1-15RAP 
	M1-15RAP 

	15 
	15 

	5.0 
	5.0 

	70-22 
	70-22 

	SBS 
	SBS 

	3.5 
	3.5 

	14.7 
	14.7 

	76 
	76 

	4.8 
	4.8 

	0.96 
	0.96 


	TR
	Span
	M2-SMA 
	M2-SMA 

	0 
	0 

	6.0 
	6.0 

	82-22 
	82-22 

	Crumb Rubber 
	Crumb Rubber 

	3.5 
	3.5 

	16.3 
	16.3 

	79 
	79 

	5.5 
	5.5 

	1.31 
	1.31 


	TR
	Span
	M3-26RAP 
	M3-26RAP 

	26 
	26 

	4.6 
	4.6 

	76-22 
	76-22 

	SBS 
	SBS 

	3.5 
	3.5 

	13.2 
	13.2 

	73 
	73 

	4.1 
	4.1 

	1.02 
	1.02 


	TR
	Span
	M4-SMA 
	M4-SMA 

	0 
	0 

	6.3 
	6.3 

	76-22 
	76-22 

	SBS 
	SBS 

	3.5 
	3.5 

	17 
	17 

	79 
	79 

	5.9 
	5.9 

	1.29 
	1.29 


	TR
	Span
	M5-18RAP 
	M5-18RAP 

	18 
	18 

	5.0 
	5.0 

	67-22 
	67-22 

	- 
	- 

	3.7 
	3.7 

	13.8 
	13.8 

	74 
	74 

	4.7 
	4.7 

	1.17 
	1.17 


	TR
	Span
	M6-18RAP 
	M6-18RAP 

	18 
	18 

	5.0 
	5.0 

	76-22 
	76-22 

	SBS 
	SBS 

	3.5 
	3.5 

	14.7 
	14.7 

	76 
	76 

	4.8 
	4.8 

	0.96 
	0.96 


	TR
	Span
	M7-15RAP 
	M7-15RAP 

	15 
	15 

	4.7 
	4.7 

	67-22 
	67-22 

	- 
	- 

	3.4 
	3.4 

	13.9 
	13.9 

	76 
	76 

	4.5 
	4.5 

	1.21 
	1.21 


	TR
	Span
	M8-15RAP 
	M8-15RAP 

	15 
	15 

	4.7 
	4.7 

	70-22 
	70-22 

	SBS 
	SBS 

	3.4 
	3.4 

	13.9 
	13.9 

	76 
	76 

	4.5 
	4.5 

	1.21 
	1.21 


	TR
	Span
	M9-28RAP 
	M9-28RAP 

	28 
	28 

	4.6 
	4.6 

	67-22 
	67-22 

	- 
	- 

	3.6 
	3.6 

	13.1 
	13.1 

	72 
	72 

	4.1 
	4.1 

	1.20 
	1.20 


	TR
	Span
	M10-20RAP 
	M10-20RAP 

	20 
	20 

	5.0 
	5.0 

	67-22 
	67-22 

	- 
	- 

	3.6 
	3.6 

	13.9 
	13.9 

	74 
	74 

	4.5 
	4.5 

	1.22 
	1.22 


	TR
	Span
	M11-19RAP 
	M11-19RAP 

	19 
	19 

	4.7 
	4.7 

	70-22 
	70-22 

	Latex 
	Latex 

	3.5 
	3.5 

	14.1 
	14.1 

	75 
	75 

	4.6 
	4.6 

	1.17 
	1.17 


	TR
	Span
	M12-19RAP 
	M12-19RAP 

	19 
	19 

	5.1 
	5.1 

	70-22 
	70-22 

	SBS 
	SBS 

	3.5 
	3.5 

	13.8 
	13.8 

	75 
	75 

	4.4 
	4.4 

	1.18 
	1.18 


	TR
	Span
	M13-SMA 
	M13-SMA 

	0 
	0 

	6.3 
	6.3 

	76-22 
	76-22 

	SBS 
	SBS 

	3.7 
	3.7 

	16.5 
	16.5 

	78 
	78 

	5.6 
	5.6 

	1.47 
	1.47 


	TR
	Span
	M14-20RAP 
	M14-20RAP 

	20 
	20 

	4.2 
	4.2 

	70-22 
	70-22 

	SBS 
	SBS 

	3.5 
	3.5 

	12.5 
	12.5 

	72 
	72 

	3.8 
	3.8 

	0.92 
	0.92 




	Note: AC = asphalt content; PG = performance grade; Va = air Voids; RAP = reclaimed asphalt pavement; VMA = voids in mineral aggregate; VFA = voids filled with asphalt; SBS = styrene butadiene styrene; Pbe = effective asphalt binder; FT = film thickness; “-” means not available. 
	Asphalt Binder Experiment
	Asphalt Binder Experiment
	 

	Asphalt binders were extracted and recovered from the aged SCB specimens. These recovered binders were subjected to comprehensive characterization to assess their chemical and rheological properties. The characterization process involved various tests and analyses. For the chemical characterization, the Saturate, Aromatic, Resin, and Asphaltene (SARA) analysis was conducted. This analysis provides valuable information about the composition and distribution of different fractions within the asphalt binder. A
	Asphalt binders were extracted and recovered from the aged SCB specimens. These recovered binders were subjected to comprehensive characterization to assess their chemical and rheological properties. The characterization process involved various tests and analyses. For the chemical characterization, the Saturate, Aromatic, Resin, and Asphaltene (SARA) analysis was conducted. This analysis provides valuable information about the composition and distribution of different fractions within the asphalt binder. A
	 

	For the rheological characterization, the Superpave performance-grading test was conducted. Additionally, the frequency sweep test was employed to assess the binder's viscoelastic properties across a range of frequencies. The linear amplitude sweep (LAS) 
	test was performed to evaluate the binder's response to different strain amplitudes, aiding in understanding its ability to withstand intermediate-temperature cracking resistance. The multiple stress creep recovery (MSCR) test was conducted to assess the high-temperature properties of asphalt binders.
	test was performed to evaluate the binder's response to different strain amplitudes, aiding in understanding its ability to withstand intermediate-temperature cracking resistance. The multiple stress creep recovery (MSCR) test was conducted to assess the high-temperature properties of asphalt binders.
	 

	SARA Analysis
	SARA Analysis
	 

	The SARA analysis determines the chemical composition of asphalt binder by fractionating it into saturates, aromatics, resins, and asphaltenes. Asphaltenes are defined operationally as the pentane- or heptane-insoluble component of asphalt binder, while maltenes are the soluble component that can be further separated into the other three fractions. Asphaltenes consist of extremely complex, highly polar molecules; they exhibit a very high tendency to associate into molecular clusters, and they play a signifi
	The SARA analysis determines the chemical composition of asphalt binder by fractionating it into saturates, aromatics, resins, and asphaltenes. Asphaltenes are defined operationally as the pentane- or heptane-insoluble component of asphalt binder, while maltenes are the soluble component that can be further separated into the other three fractions. Asphaltenes consist of extremely complex, highly polar molecules; they exhibit a very high tendency to associate into molecular clusters, and they play a signifi
	 

	Based on the SARA results, an additional parameter referred to as the colloidal index can be obtained as the ratio of the sum of saturate and asphaltene contents to that of the resin and aromatic contents. This parameter was developed considering asphalt binder as a colloidal structure [41, 42]. A low colloidal index value indicates a well-dispersed system (i.e., the resins keep the highly associated asphaltenes dispersed in the light oily phase), which is more sol-like and homogeneous. A high colloidal ind
	Based on the SARA results, an additional parameter referred to as the colloidal index can be obtained as the ratio of the sum of saturate and asphaltene contents to that of the resin and aromatic contents. This parameter was developed considering asphalt binder as a colloidal structure [41, 42]. A low colloidal index value indicates a well-dispersed system (i.e., the resins keep the highly associated asphaltenes dispersed in the light oily phase), which is more sol-like and homogeneous. A high colloidal ind
	 

	Each recovered asphalt binder was first de-asphaltened in accordance with ASTM D3279 [44] to yield asphaltenes (insoluble) and maltenes (soluble). The maltene component was further fractionated on an Iatroscan TH-10 Hydrocarbon Analyzer to obtain the components of saturates, aromatics, and resins. The n-pentane was used to elute the saturates, and a 90/10 toluene/chloroform mixture was used to elute the aromatics. The resins were not eluted and remained at the origin.
	Each recovered asphalt binder was first de-asphaltened in accordance with ASTM D3279 [44] to yield asphaltenes (insoluble) and maltenes (soluble). The maltene component was further fractionated on an Iatroscan TH-10 Hydrocarbon Analyzer to obtain the components of saturates, aromatics, and resins. The n-pentane was used to elute the saturates, and a 90/10 toluene/chloroform mixture was used to elute the aromatics. The resins were not eluted and remained at the origin.
	 

	FTIR Test
	FTIR Test
	 

	The FTIR test was conducted according to ASTM E1252 [45] for the identification and quantification of the functional groups present in asphalt binders. This approach was developed because molecules absorb light at the so-called resonant frequencies, which are characteristics of the covalent bonds in the molecules. By analyzing the position, shape, and intensity of peaks in the obtained infrared spectrum, details on the molecular structure of the asphalt can be revealed [46]. In this study, the carbonyl (C=O
	The FTIR test was conducted according to ASTM E1252 [45] for the identification and quantification of the functional groups present in asphalt binders. This approach was developed because molecules absorb light at the so-called resonant frequencies, which are characteristics of the covalent bonds in the molecules. By analyzing the position, shape, and intensity of peaks in the obtained infrared spectrum, details on the molecular structure of the asphalt can be revealed [46]. In this study, the carbonyl (C=O
	 

	     𝐶𝐼=𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑏𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 𝑎𝑟𝑜𝑢𝑛𝑑 1700 𝑐𝑚−1∑𝐴𝑟𝑒𝑎𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑏𝑎𝑛𝑑𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 1320 𝑎𝑛𝑑 1490 𝑐𝑚−1                                    (4)
	     𝐶𝐼=𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑏𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 𝑎𝑟𝑜𝑢𝑛𝑑 1700 𝑐𝑚−1∑𝐴𝑟𝑒𝑎𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑏𝑎𝑛𝑑𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 1320 𝑎𝑛𝑑 1490 𝑐𝑚−1                                    (4)
	 

	Figure 3. Sample FTIR spectrum 
	 
	 

	Figure
	Gel Permeation Chromatography (GPC) Test
	Gel Permeation Chromatography (GPC) Test
	 

	GPC analysis was performed according to ASTM D6579 [50] to determine the molecular weight distribution of the asphalt binders. Figure 4(a) presents a chromatogram of GPC test for the recovered asphalt binder from mix 1 at 0-day aging level. A calibration curve was used to convert elution time to molecular weight (MW) as shown in Figure 4(b). The chromatogram was then divided into four slices based on the molecular weight of the eluting species, Figure 4(c). Asphalt molecules are usually fractionated into th
	GPC analysis was performed according to ASTM D6579 [50] to determine the molecular weight distribution of the asphalt binders. Figure 4(a) presents a chromatogram of GPC test for the recovered asphalt binder from mix 1 at 0-day aging level. A calibration curve was used to convert elution time to molecular weight (MW) as shown in Figure 4(b). The chromatogram was then divided into four slices based on the molecular weight of the eluting species, Figure 4(c). Asphalt molecules are usually fractionated into th
	 

	Figure 4. (a) Gel Permeation Chromatography (GPC) Raw Curve, (b) Calibration Curve, and (c) Weight Distribution of Asphalt Binder Species. 
	 
	Figure
	Figure
	                                    (a)                                                                      (b) 
	 
	Figure
	(c) 
	Note: DRI = change in refractive index; MW = molecular weight; MMW = medium molecular weight; HMW = high molecular weight. 
	Superpave Performance Grading
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	The Superpave performance grading consisted of high-temperature grading using a dynamic shear rheometer (DSR) following AASHTO R 29 [51] and low-temperature grading using a bending beam rheometer (BBR) following AASHTO T 313 [52]. In general situations for liquid asphalts, prior to grading, they should be first treated following the standard aging procedures through the rolling thin-film oven (RTFO) test according to AASHTO T 240 [53] and pressurized aging vessel (PAV) according to AASHTO R 28 [54]. In the 
	The Superpave performance grading consisted of high-temperature grading using a dynamic shear rheometer (DSR) following AASHTO R 29 [51] and low-temperature grading using a bending beam rheometer (BBR) following AASHTO T 313 [52]. In general situations for liquid asphalts, prior to grading, they should be first treated following the standard aging procedures through the rolling thin-film oven (RTFO) test according to AASHTO T 240 [53] and pressurized aging vessel (PAV) according to AASHTO R 28 [54]. In the 
	 

	A rheological parameter that can be determined from the Superpave performance-grading test is the critical temperature difference denoted as ΔTc, which is defined as:
	A rheological parameter that can be determined from the Superpave performance-grading test is the critical temperature difference denoted as ΔTc, which is defined as:
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	Where, TS is the critical temperature at which the flexural stiffness (S) of the beam equals 300 MPa, and Tm is the critical temperature at which the slope (m) of stiffness versus time in the log-log scale equals 0.300. 
	Where, TS is the critical temperature at which the flexural stiffness (S) of the beam equals 300 MPa, and Tm is the critical temperature at which the slope (m) of stiffness versus time in the log-log scale equals 0.300. 
	 

	Note that both TS and Tm were evaluated at a creep loading time of 60 seconds. Using the BBR test data, TS and Tm can be obtained from interpolation following the practice specified in ASTM D7643 [54]. 
	Note that both TS and Tm were evaluated at a creep loading time of 60 seconds. Using the BBR test data, TS and Tm can be obtained from interpolation following the practice specified in ASTM D7643 [54]. 
	 

	
	
	T
	c is an asphalt binder parameter that offers insights into the relaxation properties of the asphalt binder, which can contribute to non-load related cracking and other age-related embrittlement distresses. It has also been utilized as an indicator of how effectively asphalt binders respond to aging or how additives affect the asphalt binders' response to aging [55-60].
	 

	Frequency Sweep (FS) Test
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	The frequency sweep test was performed according to ASTM D7175 [61] to characterize the viscoelastic properties of asphalt binders at multiple temperatures, 15, 30, and 45°C, and various frequencies ranging from 0.1 to 100 rad/s. The Christensen Anderson (CA) model was used to fit a sigmoidal function on the test results [23, 62]. The effects of aging intensities on ductility properties were quantified with use of the Glower Rowe (G-R) parameter. The values of |G*| and δ at 15°C and 0.005 rad/s were first o
	The frequency sweep test was performed according to ASTM D7175 [61] to characterize the viscoelastic properties of asphalt binders at multiple temperatures, 15, 30, and 45°C, and various frequencies ranging from 0.1 to 100 rad/s. The Christensen Anderson (CA) model was used to fit a sigmoidal function on the test results [23, 62]. The effects of aging intensities on ductility properties were quantified with use of the Glower Rowe (G-R) parameter. The values of |G*| and δ at 15°C and 0.005 rad/s were first o
	 
	 

	     G-R Parameter = |𝐺∗|×𝑐𝑜𝑠2𝛿𝑠𝑖𝑛𝛿                                                                  (6)
	     G-R Parameter = |𝐺∗|×𝑐𝑜𝑠2𝛿𝑠𝑖𝑛𝛿                                                                  (6)
	 

	Where, G* is the shear complex modulus defined as the ratio of the shear stress to the shear strain at each cycle, and 
	Where, G* is the shear complex modulus defined as the ratio of the shear stress to the shear strain at each cycle, and 
	
	
	is the phase
	 angle defined as the time lag between the applied shear strain and the measured shear stress in degree.
	 

	Linear Amplitude Sweep (LAS) Test
	Linear Amplitude Sweep (LAS) Test
	 

	The LAS test was conducted at an intermediate temperature of 18°C in accordance with AASHTO TP 101 [64] to ascertain the fatigue resistance of asphalt binders. A parallel-plate geometry with an 8-mm diameter and a 2-mm gap was used. This test procedure consisted of frequency sweep followed by the amplitude sweep with a 1-min. interval for stress relaxation. The frequency sweep was performed at 0.1% strain over a frequency range of 0.1 to 30 Hz to obtain material properties at the intact state of the LAS tes
	The LAS test was conducted at an intermediate temperature of 18°C in accordance with AASHTO TP 101 [64] to ascertain the fatigue resistance of asphalt binders. A parallel-plate geometry with an 8-mm diameter and a 2-mm gap was used. This test procedure consisted of frequency sweep followed by the amplitude sweep with a 1-min. interval for stress relaxation. The frequency sweep was performed at 0.1% strain over a frequency range of 0.1 to 30 Hz to obtain material properties at the intact state of the LAS tes
	 

	The LAS data analysis was based on the viscoelastic continuum damage theory [65-67]. The analysis approach described in AASHTO TP 101 was critically reviewed and the formulation revised. A parameter denoted as ALAS was developed and proposed as the indicator of asphalt binder fatigue resistance [68]. The following describes the development of the formulation and the ALAS parameter. 
	The LAS data analysis was based on the viscoelastic continuum damage theory [65-67]. The analysis approach described in AASHTO TP 101 was critically reviewed and the formulation revised. A parameter denoted as ALAS was developed and proposed as the indicator of asphalt binder fatigue resistance [68]. The following describes the development of the formulation and the ALAS parameter. 
	 

	Analogous to the S-VECD model applied to asphalt mixture fatigue characterization, the structural integrity of asphalt binder is represented by the normalized dynamic shear modulus: 
	Analogous to the S-VECD model applied to asphalt mixture fatigue characterization, the structural integrity of asphalt binder is represented by the normalized dynamic shear modulus: 
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	Where, 
	Where, 
	 

	|G*| is the apparent dynamic shear modulus in the amplitude sweep test.  It is calculated as the ratio of stress amplitude to strain amplitude for each cycle; 
	|G*| is the apparent dynamic shear modulus in the amplitude sweep test.  It is calculated as the ratio of stress amplitude to strain amplitude for each cycle; 
	 

	|G*|LVE is the linear viscoelastic dynamic modulus corresponding to the LAS test temperature and frequency.  It can be interpolated from the dynamic shear modulus master curve, Equation (8); and 
	|G*|LVE is the linear viscoelastic dynamic modulus corresponding to the LAS test temperature and frequency.  It can be interpolated from the dynamic shear modulus master curve, Equation (8); and 
	 

	DMR for asphalt binder is calculated as: 
	DMR for asphalt binder is calculated as: 
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	Where, |G*|0.1% is the dynamic modulus value obtained from the frequency sweep of the LAS test with 0.1% strain, which serves as the fingerprint of the sample. 
	Where, |G*|0.1% is the dynamic modulus value obtained from the frequency sweep of the LAS test with 0.1% strain, which serves as the fingerprint of the sample. 
	 

	The pseudo strain energy for asphalt binder is given by:
	The pseudo strain energy for asphalt binder is given by:
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	Where, 
	Where, 
	
	R
	(
	
	) is the pseudo
	-
	shear strain time history given by
	: 
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	Where,
	Where,
	
	
	 
	denotes shear strain amplitude. 
	 

	Combining Equations (9) and (10), making appropriate substitutions, and integrating over a cycle, the damage increment per cycle is calculated as: 
	Combining Equations (9) and (10), making appropriate substitutions, and integrating over a cycle, the damage increment per cycle is calculated as: 
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	Where, 
	Where, 
	
	 
	is determined according to AASHT
	O TP 101 as the exponent of the power-law fit to |G*| versus 
	
	r
	 obtained from the frequency sweep step in the LAS test. 
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	The obtained C-S data pairs are then cross-plotted and fitted using the power-law form as shown in Equation (12). Substituting Equation (12) into Equation (13) and following a derivation procedure, one can obtain the following that can be used for fatigue simulation:
	The obtained C-S data pairs are then cross-plotted and fitted using the power-law form as shown in Equation (12). Substituting Equation (12) into Equation (13) and following a derivation procedure, one can obtain the following that can be used for fatigue simulation:
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	Where, 
	Where, 
	
	 
	= 1 + 
	
	 
	–
	 
	
	C
	2, and 
	
	0
	 is the strain amplitude for simulation. Note that the effect of loading condition (temperature and frequency) is incorporated in Q, as seen in its definition in Equation (11).
	 

	Equation (14) presents a power-law relationship between fatigue life Nf and strain input 
	Equation (14) presents a power-law relationship between fatigue life Nf and strain input 
	
	0
	, which are related through a coefficient herein denoted as ALAS:
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	The ALAS parameter is then proposed as an indicator of asphalt binder fatigue resistance. A higher ALAS value is desired for the fatigue resistance of asphalt binders, as seen in Equation (15).
	The ALAS parameter is then proposed as an indicator of asphalt binder fatigue resistance. A higher ALAS value is desired for the fatigue resistance of asphalt binders, as seen in Equation (15).
	 

	Multiple Stress Creep Recovery (MSCR) Test
	Multiple Stress Creep Recovery (MSCR) Test
	 

	MSCR test was conducted according to AASHTO T350 to characterize the creep and recovery characteristics of recovered asphalt binders at 64°C. The test was performed using a constant stress creep of 1.0s duration followed by a zero stress recovery of 9.0s duration. Two stress levels of 0.1 kPa and 3.2 kPa were applied for 20 and 10 cycles, respectively. Non-recoverable creep compliance (Jnr, 3.2) and percent recovery (%R), 
	expressed in Equations (16) and (17), were used to characterize the rutting performance of the recovered STA asphalt binders.
	expressed in Equations (16) and (17), were used to characterize the rutting performance of the recovered STA asphalt binders.
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	The SCB test was conducted according to ASTM D8044 to evaluate the intermediate-temperature cracking resistance of asphalt mixtures. After compaction, samples were subjected to oven aging, 5 days at 85°C, prior to testing. The test was performed at a constant displacement rate of 0.5 mm/min at 25°C. The critical strain energy release rate, Jc, is used to ascertain the cracking resistance of asphalt mixtures. The critical strain energy release rate, Jc, is calculated using Equation (18):
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	Where,
	Where,
	 
	Jc is critical strain energy release rate (kJ/m2),
	 
	b is sample thickness (m),
	 
	a is notch depth (m),
	 
	U is strain energy to failure (kJ), and
	 
	dU/da is change of strain energy with notch depth (kJ/m).
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	This section is organized into five subsections, each addressing a specific aspect of the study. The subsections are asphalt binder test results, asphalt mixture test results, comparative analysis of the test results, database collection, and model development. In the first subsection, the test results for the asphalt binders are presented and analyzed. The second subsection focuses on the SCB test results obtained from the asphalt mixtures to assess the effects of aging levels on the mixtures' fracture beh
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	Further, it is important to note that results obtained from the first eight mixtures (M1 to M8, Table 1) were specifically analyzed to investigate the impact of aging levels on the fracture cracking resistance of both the asphalt binders and mixtures. These results were then utilized to develop the ANN SCB Jc predictive model. To validate the accuracy and reliability of the developed ANN model, mixtures M9 to M14 (Table 1) were used for testing and verification purposes. This validation process allows for a
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	In order to statistically assess the difference between test results, a one-way ANOVA analysis using the F-test was performed. The null hypothesis for the F-test was that the average value of a specific test result would be the same for all mixtures. The alternative hypothesis was that the average of the test parameter for all mixtures would not be the 
	same. If the null hypothesis was rejected, a post-hoc test was performed in order to make further comparison between test results. In this research, Fisher’s least square difference (LSD) post-hoc test was performed to rank the laboratory test results. Letters A, B, C, D, and E were assigned to test results to show statistically distinct test results from best to worst.
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	This section presents the asphalt binder testing results, including chemical and rheological characterizations. Chemical evaluation was based on SARA fractionation, GPC, and FTIR tests. Rheological testing included the Superpave performance grading, frequency sweep, and linear amplitude sweep tests. All testing was performed on the asphalt binders extracted from the compacted asphalt mixture samples that were oven-aged at different aging levels.
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	The recovered asphalt binders were fractionated into saturates, aromatics, resins, and asphaltenes (SARA), and the results are given in Table 2. The asphaltene percentage varied in a narrow range for all recovered asphalt binder types except for M3-26RAP. The wider range of asphaltenes for M3-26RAP can be attributed to its higher RAP content and higher aging susceptibility. For all the recovered asphalt binders, 10-day aged samples yielded higher asphaltene concentration than 0-day aged samples. It is obser
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	Figure 5 presents the carbonyl index (CI) results for asphalt binders at different aging levels. Higher CI values represent higher oxidation levels [46]. In general, higher CI 
	values were observed as aging level increased. Statistical ranking within each mixture is shown in Figure 5. For each mixture, there was a significant increase in the CI value between 0-day and 2-day aging. The CI values for 5- and 7-day aging were comparable for most of the studied mixtures, such as mixes 1, 2, and 4.  However, 10-day aging significantly increased the CI value. Mixture M2 showed the highest CI values at 10-day aging compared to other asphalt binders. This observation may be attributed to t
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	The GPC technique fractionates asphalt binder molecules based on the molecular sizes (based on elution time), which are then converted to molecular weight after calibration. Asphalt molecules are usually fractionated into three portions: high molecular weight (HMW) component (consisting of polymers and associated asphaltenes) with molecular weight greater than 19,000 Dalton (> 19K), asphaltene component with molecular weight between 3,000 and 19,000 Dalton (3-19K), and maltene component with molecular weigh
	to other asphalt binders. Note that M4 showed the lowest AI values as measured by FTIR CI parameter, indicating asphalt binders with higher HMW contents had lower aging susceptibility. It was noted that asphalt binders recovered from mixes with unmodified asphalt binder (PG 67-22), such as M5 and M7, showed relatively lower HMW content. HMW components slightly decreased with an increase in aging level in M3 (PG 76-22) and M4 (PG 76-22). This observation is attributed to the degradation of polymer species in
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	Figure 6 shows the high PG (HPG) results for the asphalt binders. HPG increased with aging within each mixture type. There was no significant difference in the HPG of the 5- and 7-day aged samples. Further, recovered asphalt binders from M3 showed the highest HPG values indicating the highest level of oxidation among the samples. 
	Figure 6 shows the high PG (HPG) results for the asphalt binders. HPG increased with aging within each mixture type. There was no significant difference in the HPG of the 5- and 7-day aged samples. Further, recovered asphalt binders from M3 showed the highest HPG values indicating the highest level of oxidation among the samples. 
	 

	Figure 6. High PG Results 
	 
	 

	Figure
	Figure 7 presents ΔTc results from the BBR test for the asphalt binders. With increasing aging level, ΔTc became more negative for all asphalt binder types. This observation is consistent with what is reported in the literature [2]. More negative ΔTc values represent decreased stress relaxation capacity. Asphalt binders with aging levels greater than 2 days yielded negative ΔTc values, indicating asphalt binders were m-controlled (Tm>Ts). It is noted that the asphalt binder recovered from M3 possessed the l
	Figure 7 presents ΔTc results from the BBR test for the asphalt binders. With increasing aging level, ΔTc became more negative for all asphalt binder types. This observation is consistent with what is reported in the literature [2]. More negative ΔTc values represent decreased stress relaxation capacity. Asphalt binders with aging levels greater than 2 days yielded negative ΔTc values, indicating asphalt binders were m-controlled (Tm>Ts). It is noted that the asphalt binder recovered from M3 possessed the l
	 

	An aging difference (AD) was defined as the absolute value of the difference between ΔTc values at 0-day and 10-day aging levels. Higher AD values show higher susceptibility to aging. Asphalt binder recovered from M4 showed the lowest AD value among all asphalt mixtures, suggesting the lowest susceptibility to aging, which is consistent with the observation that the asphalt binder from M4 exhibited the highest ΔTc values at 5-, 7-, and 10-day aging levels compared to other mixtures. Similarly, FTIR test res
	asphalt binder content, as well as a high RAP content, which were effective in increasing the aging susceptibility of the asphalt mixture.
	asphalt binder content, as well as a high RAP content, which were effective in increasing the aging susceptibility of the asphalt mixture.
	 

	Figure 7. ΔTc Results 
	 
	Figure
	Frequency Sweep Test
	Frequency Sweep Test
	 

	Figure 8 presents the G-R values of the studied asphalt binders. The effects of aging intensities on stiffness and ductility properties were quantified using the Glower-Rowe (G-R) parameter. In general, G-R value of each asphalt binder increases with aging. However, recovered asphalt binders from M1, M2, and M5 showed similar G-R values at 5- and 7-day aging levels. While asphalt binders at the 10-day aging level showed significantly higher G-R values as compared to the 7-day aging level, suggesting the dec
	Figure 8 presents the G-R values of the studied asphalt binders. The effects of aging intensities on stiffness and ductility properties were quantified using the Glower-Rowe (G-R) parameter. In general, G-R value of each asphalt binder increases with aging. However, recovered asphalt binders from M1, M2, and M5 showed similar G-R values at 5- and 7-day aging levels. While asphalt binders at the 10-day aging level showed significantly higher G-R values as compared to the 7-day aging level, suggesting the dec
	 

	The rate of change in the G-R parameter with aging was quantified using an aging index (AI), defined as the ratio of G-R value of a 10-day aged sample to G-R value of a 0-day aged sample. Lower AI values indicate a lower rate of aging as measured by G-R parameter. Asphalt binders recovered from M4 and M7 showed the lowest AI values, suggesting the lowest rate of aging. Further, asphalt binder recovered from M3 yielded the highest rate of aging with respect to G-R parameter. These observations were consisten
	The rate of change in the G-R parameter with aging was quantified using an aging index (AI), defined as the ratio of G-R value of a 10-day aged sample to G-R value of a 0-day aged sample. Lower AI values indicate a lower rate of aging as measured by G-R parameter. Asphalt binders recovered from M4 and M7 showed the lowest AI values, suggesting the lowest rate of aging. Further, asphalt binder recovered from M3 yielded the highest rate of aging with respect to G-R parameter. These observations were consisten
	 

	Figure 8. Frequency Sweep Test Results 
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	Figure 9 shows the LAS test results. The ALAS parameter was used to evaluate fatigue performance of asphalt binders at different aging levels. Higher ALAS values represent better fatigue cracking resistant materials [67]. Statistical ranking of the results showed that, in general, the fatigue cracking resistance of asphalt binders decreased with increasing aging levels. Asphalt binders recovered from mixes at 0-day aging level yielded the highest fatigue cracking resistance. Further, the ratio of ALAS param
	Figure 9 shows the LAS test results. The ALAS parameter was used to evaluate fatigue performance of asphalt binders at different aging levels. Higher ALAS values represent better fatigue cracking resistant materials [67]. Statistical ranking of the results showed that, in general, the fatigue cracking resistance of asphalt binders decreased with increasing aging levels. Asphalt binders recovered from mixes at 0-day aging level yielded the highest fatigue cracking resistance. Further, the ratio of ALAS param
	 

	Figure 9. LAS Test Results 
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	Figure 10 presents MSCR test results, percent recovery (%R) and non-recoverable creep compliance (Jnr, 3.2), of recovered asphalt binders for the stress level of 3.2 kPa at 64°C. It was found that Jnr decreased with increasing aging level, while %R increased with aging. These observations can be attributed to the decreased non-recoverable strain due to oxidative aging. Additionally, except for M5 (0- and 2-days) and M8 (10-days) samples, all other recovered asphalt binders showed Jnr, 3.2<0.5 1/kPa, which d
	Figure 10 presents MSCR test results, percent recovery (%R) and non-recoverable creep compliance (Jnr, 3.2), of recovered asphalt binders for the stress level of 3.2 kPa at 64°C. It was found that Jnr decreased with increasing aging level, while %R increased with aging. These observations can be attributed to the decreased non-recoverable strain due to oxidative aging. Additionally, except for M5 (0- and 2-days) and M8 (10-days) samples, all other recovered asphalt binders showed Jnr, 3.2<0.5 1/kPa, which d
	 

	Figure 10. MSCR Test Results 
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	Figure 11 presents the SCB test results for the asphalt mixtures at different aging levels. Plant-produced asphalt mixtures with no further aging were designated as 0-day aged mixtures. In general, SCB Jc values decreased with an increase in aging level. Statistical analysis of the results in Figure 11 indicates that asphalt mixtures at 0-day aging level showed the highest SCB Jc parameter. There was no statistically significant difference in the fracture resistance of asphalt mixtures at 2- and 5-day aging
	Figure 11 presents the SCB test results for the asphalt mixtures at different aging levels. Plant-produced asphalt mixtures with no further aging were designated as 0-day aged mixtures. In general, SCB Jc values decreased with an increase in aging level. Statistical analysis of the results in Figure 11 indicates that asphalt mixtures at 0-day aging level showed the highest SCB Jc parameter. There was no statistically significant difference in the fracture resistance of asphalt mixtures at 2- and 5-day aging
	 

	With the available SCB Jc data encompassing both 0 days and 5 days of aging, it becomes possible to derive a scaling factor (see Figure 11b). This scaling factor facilitates the projection of SCB Jc values at 5 days aging from those observed at 0 days aging (SCB Jc at 5 days aging = SCB Jc at 0 days aging – 0.2). However, it is crucial to acknowledge that this relationship between SCB Jc values at 5 days aging and those at 0 days aging is established using a limited dataset. The accuracy of such projections
	With the available SCB Jc data encompassing both 0 days and 5 days of aging, it becomes possible to derive a scaling factor (see Figure 11b). This scaling factor facilitates the projection of SCB Jc values at 5 days aging from those observed at 0 days aging (SCB Jc at 5 days aging = SCB Jc at 0 days aging – 0.2). However, it is crucial to acknowledge that this relationship between SCB Jc values at 5 days aging and those at 0 days aging is established using a limited dataset. The accuracy of such projections
	 

	Figure 11. SCB Test Results 
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	Comparative Analysis of the Test Results 
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	In order to determine the strength and direction of the correlation between variables, Spearman’s rank correlation coefficient (ρ) was used, Equation (19). Spearman’s rank correlation coefficient (ρ) is a commonly used parameter to assess rank correlation between variables and ranges from -1 to +1 [72]. The advantage of ρ over other correlation coefficients (i.e., Pearson correlation coefficient and R2) is that it can be used when the data points are not normally distributed. Spearman’s rank correlation is 
	In order to determine the strength and direction of the correlation between variables, Spearman’s rank correlation coefficient (ρ) was used, Equation (19). Spearman’s rank correlation coefficient (ρ) is a commonly used parameter to assess rank correlation between variables and ranges from -1 to +1 [72]. The advantage of ρ over other correlation coefficients (i.e., Pearson correlation coefficient and R2) is that it can be used when the data points are not normally distributed. Spearman’s rank correlation is 
	 

	|ρ| < 0.10: negligible correlation;
	|ρ| < 0.10: negligible correlation;
	 
	0.11 < |ρ| < 0.39: weak correlation;
	 
	0.40 < |ρ| < 0.69: moderate correlation;
	 
	0.70 < |ρ| < 0.89: strong correlation; and
	 
	0.90 < |ρ| < 1.00: very strong correlation.
	 

	  𝜌= ∑(𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)𝑛𝑖=1√[∑(𝑥𝑖−𝑥̅)2𝑛𝑖=1][∑(𝑦𝑖−𝑦̅)2𝑛𝑖=1]                                                                                      (19)
	  𝜌= ∑(𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)𝑛𝑖=1√[∑(𝑥𝑖−𝑥̅)2𝑛𝑖=1][∑(𝑦𝑖−𝑦̅)2𝑛𝑖=1]                                                                                      (19)
	 

	Where, ρ is the Spearman’s rank correlation coefficient; 𝑥𝑖and 𝑦𝑖are the rank variables for each parameter; and 𝑥̅ and 𝑦̅ are the average of rank variables for each parameter.
	Where, ρ is the Spearman’s rank correlation coefficient; 𝑥𝑖and 𝑦𝑖are the rank variables for each parameter; and 𝑥̅ and 𝑦̅ are the average of rank variables for each parameter.
	 

	Table 4 shows pairwise correlation results for all possible combinations of the evaluated parameters. A t-test was performed to determine whether the correlation coefficients are statistically significant. The null hypothesis for the test was that the correlation coefficient is zero. If the p-value is lower than 0.05, it means that the correlation coefficient is statistically significant. Table 4 shows the Spearman’s correlation coefficient on a scale of -0.8 to 0.8. 
	Table 4 shows pairwise correlation results for all possible combinations of the evaluated parameters. A t-test was performed to determine whether the correlation coefficients are statistically significant. The null hypothesis for the test was that the correlation coefficient is zero. If the p-value is lower than 0.05, it means that the correlation coefficient is statistically significant. Table 4 shows the Spearman’s correlation coefficient on a scale of -0.8 to 0.8. 
	 

	Based on the result of the correlation analysis, pairwise correlation between asphalt binder chemical parameters (CI and %As) and asphalt binder rheological parameters (ΔTc and ALAS) was significantly strong, as indicated by ρ > 0.75 and p-value < 0.0001. The strong correlations suggest that the microstructural and molecular changes from increasing the asphaltenes and carbonyl index are the primary cause of the loss in the 
	relaxation capabilities of the asphalt binder (ΔTc) and decreasing fatigue tolerance of the asphalt binder (ALAS).
	relaxation capabilities of the asphalt binder (ΔTc) and decreasing fatigue tolerance of the asphalt binder (ALAS).
	 

	A strong correlation was also observed between %As and CI, which indicates that asphalt binders with higher asphaltene contents are expected to yield higher CI values because of oxidative aging. Moderate correlations were evident between G-R and CI, ΔTc, and %As. Further, weak correlation was observed between SCB Jc and G-R. The weak correlation between SCB Jc and G-R is because these tests evaluate asphalt mixture and asphalt binder properties at different performance temperatures (i.e., 25°C and 15°C) and
	A strong correlation was also observed between %As and CI, which indicates that asphalt binders with higher asphaltene contents are expected to yield higher CI values because of oxidative aging. Moderate correlations were evident between G-R and CI, ΔTc, and %As. Further, weak correlation was observed between SCB Jc and G-R. The weak correlation between SCB Jc and G-R is because these tests evaluate asphalt mixture and asphalt binder properties at different performance temperatures (i.e., 25°C and 15°C) and
	 

	As ΔTc illustrates the ductility and stress relaxation capability of the asphalt binder at low temperatures, it is still beneficial to explore the correlation between the ductility of asphalt binder at low temperatures and the fracture resistance of asphalt mixture at intermediate temperatures. Strong correlation (ρ = 0.79) was observed between SCB Jc and ΔTc parameters, suggesting that the stress relaxation capabilities of asphalt binder may be related to fracture resistance of asphalt mixture. Further, mo
	As ΔTc illustrates the ductility and stress relaxation capability of the asphalt binder at low temperatures, it is still beneficial to explore the correlation between the ductility of asphalt binder at low temperatures and the fracture resistance of asphalt mixture at intermediate temperatures. Strong correlation (ρ = 0.79) was observed between SCB Jc and ΔTc parameters, suggesting that the stress relaxation capabilities of asphalt binder may be related to fracture resistance of asphalt mixture. Further, mo
	 

	Table 4. Pairwise Correlation Analysis 
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	Note: ΔTc = low temperature parameter from BBR test; G-R = Glower-Row parameter; SCB Jc = critical strain energy release rate; %As = percent asphaltenes from GPC test; CI = carbonyl index from FTIR test; ALAS = fatigue parameter from LAS test. 
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	In order to develop the artificial neural network (ANN) model, a database including 40 asphalt mixtures at different aging levels (i.e., 0-, 2-, 5-, 7-, and 10-day) was used. The asphalt mixtures encompass a range of base binder types (unmodified and polymer modified), various recycled binder ratios (RBR), and different gradations. 104 data points were used to select the significant parameters in determining the cracking performance of the asphalt mixtures to be used in the model development. Asphalt mixtur
	In order to develop the artificial neural network (ANN) model, a database including 40 asphalt mixtures at different aging levels (i.e., 0-, 2-, 5-, 7-, and 10-day) was used. The asphalt mixtures encompass a range of base binder types (unmodified and polymer modified), various recycled binder ratios (RBR), and different gradations. 104 data points were used to select the significant parameters in determining the cracking performance of the asphalt mixtures to be used in the model development. Asphalt mixtur
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	0 

	0 
	0 

	4.5 
	4.5 

	76-22 
	76-22 

	SBS 
	SBS 

	(3/4'' NMAS) 
	(3/4'' NMAS) 

	LL 
	LL 


	TR
	Span
	39 
	39 

	15 
	15 

	0 
	0 

	4.3 
	4.3 

	70-22 
	70-22 

	SBS 
	SBS 

	 (1/2'' NMAS) 
	 (1/2'' NMAS) 

	PL 
	PL 


	TR
	Span
	40 
	40 

	0 
	0 

	0 
	0 

	6.0 
	6.0 

	67-22 
	67-22 

	None 
	None 

	 (1/2'' NMAS) 
	 (1/2'' NMAS) 

	PL 
	PL 




	Note: PL = plant produced laboratory compacted; LL = laboratory produced laboratory compacted. 
	Variable Selection Procedure for Model Development
	Variable Selection Procedure for Model Development
	 

	Table 6 presents 12 variables used for variable selection procedure, including the volumetric properties of asphalt mixture, aging level, and asphalt binder modification level. The purpose of variable selection is to identify parameters that are statistically significant in the prediction of SCB Jc fracture parameter.
	Table 6 presents 12 variables used for variable selection procedure, including the volumetric properties of asphalt mixture, aging level, and asphalt binder modification level. The purpose of variable selection is to identify parameters that are statistically significant in the prediction of SCB Jc fracture parameter.
	 

	Table 6. A summary of the Parameters used for Variable Selection Process 
	Table
	TBody
	TR
	Span
	Volumetric Properties 
	Volumetric Properties 

	Asphalt Binder Properties 
	Asphalt Binder Properties 


	TR
	Span
	%AC (asphalt content) 
	%AC (asphalt content) 

	PM (Polymer Modification Level: 0, 1, and 2) * 
	PM (Polymer Modification Level: 0, 1, and 2) * 


	TR
	Span
	%RAS and %RAP 
	%RAS and %RAP 

	Aging Level 
	Aging Level 


	TR
	Span
	Pbe (effective asphalt binder) 
	Pbe (effective asphalt binder) 

	Day (0, 2, 5, 7, or 10) 
	Day (0, 2, 5, 7, or 10) 


	P200 (%passing no. 200 sieve) 
	P200 (%passing no. 200 sieve) 
	P200 (%passing no. 200 sieve) 

	 
	 


	P4 (%passing no.4 sieve) 
	P4 (%passing no.4 sieve) 
	P4 (%passing no.4 sieve) 

	 
	 


	VMA (void in mineral aggregate) 
	VMA (void in mineral aggregate) 
	VMA (void in mineral aggregate) 

	 
	 


	VFA (void filled with asphalt) 
	VFA (void filled with asphalt) 
	VFA (void filled with asphalt) 

	 
	 


	SA (surface area, m2) 
	SA (surface area, m2) 
	SA (surface area, m2) 

	 
	 


	FT (film thickness, µm) 
	FT (film thickness, µm) 
	FT (film thickness, µm) 

	 
	 


	TR
	Span
	DB (dust to binder ratio) 
	DB (dust to binder ratio) 

	 
	 




	Note: RAS = recycled asphalt shingle; RAP = reclaimed asphalt pavement;  
	* 0 = unmodified binder; 1 = moderately modified binder; 2 = highly modified binder. 
	Stepwise Regression Analysis
	Stepwise Regression Analysis
	 

	In order to find the significant variables to predict the SCB Jc of asphalt mixtures, a stepwise regression analysis was performed. Stepwise regression is a method for building a model by successively adding or removing independent variables based on the F-statistics of the estimated coefficients. The process starts with a one-variable model, which has the lowest F-statistics. A threshold of 0.1 was considered, as the F-statistic for a variable can enter the model (F-to-enter < 0.1). For the two-variable mo
	In order to find the significant variables to predict the SCB Jc of asphalt mixtures, a stepwise regression analysis was performed. Stepwise regression is a method for building a model by successively adding or removing independent variables based on the F-statistics of the estimated coefficients. The process starts with a one-variable model, which has the lowest F-statistics. A threshold of 0.1 was considered, as the F-statistic for a variable can enter the model (F-to-enter < 0.1). For the two-variable mo
	 

	Table 7. Stepwise Regression Result 
	Table
	TBody
	TR
	Span
	Step 
	Step 

	Parameter 
	Parameter 

	Action 
	Action 

	"Sig Prob" 
	"Sig Prob" 

	R2 
	R2 

	Cp 
	Cp 

	p 
	p 

	AIC 
	AIC 

	BIC 
	BIC 


	TR
	Span
	   1 
	   1 

	SA 
	SA 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.3210 
	0.3210 

	139.76 
	139.76 

	2 
	2 

	 -98.142 
	 -98.142 

	 -90.48 
	 -90.48 


	TR
	Span
	   2 
	   2 

	Day 
	Day 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.5086 
	0.5086 

	75.789 
	75.789 

	3 
	3 

	 -129.28 
	 -129.28 

	 -119.15 
	 -119.15 


	TR
	Span
	   3 
	   3 

	PM 
	PM 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.6105 
	0.6105 

	41.936 
	41.936 

	4 
	4 

	 -151.03 
	 -151.03 

	 -138.47 
	 -138.47 


	TR
	Span
	   4 
	   4 

	P4 
	P4 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.6769 
	0.6769 

	20.607 
	20.607 

	5 
	5 

	 -168.01 
	 -168.01 

	 -153.08 
	 -153.08 


	TR
	Span
	   5 
	   5 

	Pbe 
	Pbe 

	Entered 
	Entered 

	0.0149 
	0.0149 

	0.6961 
	0.6961 

	15.839 
	15.839 

	6 
	6 

	 -172.03 
	 -172.03 

	 -154.77 
	 -154.77 


	TR
	Span
	   6 
	   6 

	SA 
	SA 

	Removed 
	Removed 

	0.7551 
	0.7551 

	0.6958 
	0.6958 

	13.947 
	13.947 

	5 
	5 

	 -174.23 
	 -174.23 

	 -159.3 
	 -159.3 


	TR
	Span
	   7 
	   7 

	FT 
	FT 

	Entered 
	Entered 

	0.0226 
	0.0226 

	0.7118 
	0.7118 

	10.339 
	10.339 

	6 
	6 

	 -177.47 
	 -177.47 

	 -160.21 
	 -160.21 




	Table
	TBody
	TR
	Span
	Step 
	Step 

	Parameter 
	Parameter 

	Action 
	Action 

	"Sig Prob" 
	"Sig Prob" 

	R2 
	R2 

	Cp 
	Cp 

	p 
	p 

	AIC 
	AIC 

	BIC 
	BIC 


	TR
	Span
	   8 
	   8 

	SA 
	SA 

	Entered 
	Entered 

	0.0187 
	0.0187 

	0.7280 
	0.7280 

	6.6362 
	6.6362 

	7 
	7 

	 -181.09 
	 -181.09 

	 -161.54 
	 -161.54 


	TR
	Span
	   9 
	   9 

	RAS 
	RAS 

	Entered 
	Entered 

	0.0772 
	0.0772 

	0.7369 
	0.7369 

	5.5271 
	5.5271 

	8 
	8 

	 -182.09 
	 -182.09 

	 -160.31 
	 -160.31 


	TR
	Span
	  10 
	  10 

	All 
	All 

	Removed 
	Removed 

	. 
	. 

	0.0000 
	0.0000 

	250.61 
	250.61 

	1 
	1 

	 -60.395 
	 -60.395 

	 -55.246 
	 -55.246 


	TR
	Span
	  11 
	  11 

	SA 
	SA 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.3210 
	0.3210 

	139.76 
	139.76 

	2 
	2 

	 -98.142 
	 -98.142 

	 -90.48 
	 -90.48 


	TR
	Span
	  12 
	  12 

	Day 
	Day 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.5086 
	0.5086 

	75.789 
	75.789 

	3 
	3 

	 -129.28 
	 -129.28 

	 -119.15 
	 -119.15 


	TR
	Span
	  13 
	  13 

	PM 
	PM 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.6105 
	0.6105 

	41.936 
	41.936 

	4 
	4 

	 -151.03 
	 -151.03 

	 -138.47 
	 -138.47 


	TR
	Span
	  14 
	  14 

	P4 
	P4 

	Entered 
	Entered 

	0.0000 
	0.0000 

	0.6769 
	0.6769 

	20.607 
	20.607 

	5 
	5 

	 -168.01 
	 -168.01 

	 -153.08 
	 -153.08 


	TR
	Span
	  15 
	  15 

	Pbe 
	Pbe 

	Entered 
	Entered 

	0.0149 
	0.0149 

	0.6961 
	0.6961 

	15.839 
	15.839 

	6 
	6 

	 -172.03 
	 -172.03 

	 -154.77 
	 -154.77 


	TR
	Span
	  16 
	  16 

	SA 
	SA 

	Removed 
	Removed 

	0.7551 
	0.7551 

	0.6958 
	0.6958 

	13.947 
	13.947 

	5 
	5 

	 -174.23 
	 -174.23 

	 -159.3 
	 -159.3 


	TR
	Span
	  17 
	  17 

	FT 
	FT 

	Entered 
	Entered 

	0.0226 
	0.0226 

	0.7118 
	0.7118 

	10.339 
	10.339 

	6 
	6 

	 -177.47 
	 -177.47 

	 -160.21 
	 -160.21 


	TR
	Span
	  18 
	  18 

	SA 
	SA 

	Entered 
	Entered 

	0.0187 
	0.0187 

	0.7280 
	0.7280 

	6.6362 
	6.6362 

	7 
	7 

	 -181.09 
	 -181.09 

	 -161.54 
	 -161.54 




	Note: SA = surface area; PM = polymer modification level; P4 = percent passing from sieve #4; Pbe = effective asphalt binder; FT = film thickness; RAS = recycled asphalt shingle; Cp = Mallows's Cp; p = total number of parameters in the model; AIC = Akaike information criterion; BIC = Bayesian information criterion. 
	Multicollinearity Assessment
	Multicollinearity Assessment
	 

	Multicollinearity is defined as a correlation between independent variables in a multiple regression when more than two independent variables are involved. When multicollinearity increases, the estimated coefficients of the regression model become unstable, and the standard error inflates. Therefore, it is important to evaluate the multicollinearity between independent variables. 
	Multicollinearity is defined as a correlation between independent variables in a multiple regression when more than two independent variables are involved. When multicollinearity increases, the estimated coefficients of the regression model become unstable, and the standard error inflates. Therefore, it is important to evaluate the multicollinearity between independent variables. 
	 

	Figure 12 presents a summary of the test results in the form of a scatter plot matrix. This type of data presentation is useful when more than two independent variables are involved in the analysis [76]. It could also be helpful to visually capture the multicollinearity between independent variables [77]. The scattered plots are symmetric with respect to the diagonal, which are presenting the variables. Each individual plot is recognized by the x- and y-axes, which are positioned on the bottom and left side
	asphalt binder contents showed higher Jc values, indicating the effect of increased asphalt binder content on the cracking resistance of asphalt mixtures. In addition, asphalt mixtures prepared with polymer-modified asphalt binders showed higher cracking resistance than those prepared with unmodified asphalt binders. 
	asphalt binder contents showed higher Jc values, indicating the effect of increased asphalt binder content on the cracking resistance of asphalt mixtures. In addition, asphalt mixtures prepared with polymer-modified asphalt binders showed higher cracking resistance than those prepared with unmodified asphalt binders. 
	 

	Figure 12. Relationships between Significant Variables 
	 
	Figure
	In order to quantify multicollinearity between variables, variance inflation factor (VIF) should be determined. VIF is a common parameter used to assess multicollinearity between variables. Equation (20) shows how this parameter is calculated using a linear regression between independent variables. VIF of 10, or R2 of 0.90, are considered as threshold values [79-81]. VIF values greater than 10, or R2 values higher than 0.90, are indicative of multicollinearity between variables.
	In order to quantify multicollinearity between variables, variance inflation factor (VIF) should be determined. VIF is a common parameter used to assess multicollinearity between variables. Equation (20) shows how this parameter is calculated using a linear regression between independent variables. VIF of 10, or R2 of 0.90, are considered as threshold values [79-81]. VIF values greater than 10, or R2 values higher than 0.90, are indicative of multicollinearity between variables.
	 
	 

	             𝑉𝐼𝐹=11−𝑅2                                                                                                   (20)
	             𝑉𝐼𝐹=11−𝑅2                                                                                                   (20)
	 

	 
	 
	 

	Where, 
	Where, 
	 

	VIF is variance inflation factor; and 
	VIF is variance inflation factor; and 
	 

	R2 is the coefficient of determination between variables.
	R2 is the coefficient of determination between variables.
	 

	Table 8 shows the results of the multicollinearity analysis. Except for SA, all other parameters exhibited VIF and R2 values less than 10 and 0.90, respectively, which shows there was no multicollinearity between these independent variables. 
	Table 8 shows the results of the multicollinearity analysis. Except for SA, all other parameters exhibited VIF and R2 values less than 10 and 0.90, respectively, which shows there was no multicollinearity between these independent variables. 
	 

	Table 8. Results of Multicollinearity Analysis 
	Table
	TBody
	TR
	Span
	Term 
	Term 

	Estimate 
	Estimate 

	Std Error 
	Std Error 

	t Ratio 
	t Ratio 

	Prob>|t| 
	Prob>|t| 

	VIF 
	VIF 


	TR
	Span
	Intercept 
	Intercept 

	0.566 
	0.566 

	0.168751 
	0.168751 

	3.36 
	3.36 

	0.0011 
	0.0011 

	- 
	- 


	TR
	Span
	Day 
	Day 

	 -0.024 
	 -0.024 

	0.003185 
	0.003185 

	 -7.55 
	 -7.55 

	<.0001 
	<.0001 

	1.1 
	1.1 


	TR
	Span
	FT 
	FT 

	0.0631 
	0.0631 

	0.019005 
	0.019005 

	3.32 
	3.32 

	0.0013 
	0.0013 

	6.2 
	6.2 


	TR
	Span
	SA 
	SA 

	0.0515 
	0.0515 

	0.021979 
	0.021979 

	2.34 
	2.34 

	0.0212 
	0.0212 

	10.9 
	10.9 


	TR
	Span
	P4 
	P4 

	 -0.0053 
	 -0.0053 

	0.001221 
	0.001221 

	 -4.37 
	 -4.37 

	<.0001 
	<.0001 

	2.8 
	2.8 


	TR
	Span
	PM 
	PM 

	0.1793 
	0.1793 

	0.028489 
	0.028489 

	6.29 
	6.29 

	<.0001 
	<.0001 

	1.9 
	1.9 


	TR
	Span
	Pbe 
	Pbe 

	 -0.1291 
	 -0.1291 

	0.030998 
	0.030998 

	 -4.17 
	 -4.17 

	<.0001 
	<.0001 

	6.2 
	6.2 




	Note: R2 = coefficient of determination; VIF = variance inflation factor; Pbe = effective asphalt binder content; FT = film thickness; SA = surface area; P4 = passing from sieve #4; PM = polymer modification level. 
	ANN Approach and Model Development
	ANN Approach and Model Development
	 

	ANN Structure
	ANN Structure
	 

	The ANN structure consists of neurons (nodes), links (arrows), input layer, hidden layers, and output layer, as shown in Figure 13. Each neuron in the input layer introduces its value to all the neurons in a hidden layer through links with associated weights. Each neuron in the hidden layer takes the sum of its weighted inputs and applies a non-linear activation function (i.e., transfer function) on the sum. The result of the function then becomes an input for the next step. As the final step, the output ne
	The ANN structure consists of neurons (nodes), links (arrows), input layer, hidden layers, and output layer, as shown in Figure 13. Each neuron in the input layer introduces its value to all the neurons in a hidden layer through links with associated weights. Each neuron in the hidden layer takes the sum of its weighted inputs and applies a non-linear activation function (i.e., transfer function) on the sum. The result of the function then becomes an input for the next step. As the final step, the output ne
	 

	Figure 13. Typical ANN Structure 
	 
	 
	  𝐽𝑐,𝑝=𝑔{𝐵0+∑𝑊𝑘0𝑔𝑙𝑘=1[∑𝑊𝑗𝑘2𝑔(𝐵ℎ𝑗1+∑𝑊𝑖𝑗1𝑋𝑖𝑛𝑖=1)+𝐵ℎ𝑘2𝑚𝑗=1]}                     (21)
	 

	Figure
	 
	 
	Where,
	 

	𝐽𝑐,𝑝
	𝐽𝑐,𝑝
	 
	is the predicted output, 
	 

	l is the number of independent variables,
	l is the number of independent variables,
	 

	𝑚 and 𝑛 are the number of neurons in the second and first hidden layers, respectively, 
	𝑚 and 𝑛 are the number of neurons in the second and first hidden layers, respectively, 
	 

	𝑔 is the nonlinear activation function (tanh), 
	𝑔 is the nonlinear activation function (tanh), 
	 

	𝐵0, 𝐵ℎ𝑘2, 𝐵ℎ𝑗1, are the bias for the output, second hidden layer, and first hidden layer, respectively,
	𝐵0, 𝐵ℎ𝑘2, 𝐵ℎ𝑗1, are the bias for the output, second hidden layer, and first hidden layer, respectively,
	 

	𝑊𝑘0, 𝑊𝑗𝑘2, 𝑊𝑖𝑗1 are the weight of the links for the output, second hidden layer, and first hidden layer, respectively, and
	𝑊𝑘0, 𝑊𝑗𝑘2, 𝑊𝑖𝑗1 are the weight of the links for the output, second hidden layer, and first hidden layer, respectively, and
	 

	Xi is ith input variable.
	Xi is ith input variable.
	 

	tanh (𝑥)=𝑒𝑥−𝑒−𝑥𝑒𝑥+𝑒−𝑥                                                     
	tanh (𝑥)=𝑒𝑥−𝑒−𝑥𝑒𝑥+𝑒−𝑥                                                     
	 
	(22)
	 

	The learning capability of the network is obtained by adjusting the value and sign of the weights according to the error through the backpropagation process. The gradient descent method was used to adjust the weight values. In this method, the weight signs and values were adjusted to minimize the error. The iterative process continued until the error was smaller than the threshold value [82]. The weights and biases were updated with respect to the mechanism presented in Equations (23) and (24). This process
	and magnitude of the derivative. If the derivatives were negative, the weight values were increased by a specific rate, learning rate (α). This process continued until the difference between the predicted and measured output was minimal.
	and magnitude of the derivative. If the derivatives were negative, the weight values were increased by a specific rate, learning rate (α). This process continued until the difference between the predicted and measured output was minimal.
	 
	𝑊𝑖=𝑊𝑖0±𝛼𝜕𝐸(𝑊𝑖)𝜕𝑊𝑖                                                                                             (23)
	 
	𝐵𝑖=𝐵𝑖0±𝛼𝜕𝐸(𝐵𝑖)𝜕𝐵𝑖                                                                                                (24)
	 

	Where,
	Where,
	 

	𝑊𝑖 and 𝐵𝑖 are the updated weight and bias, 
	𝑊𝑖 and 𝐵𝑖 are the updated weight and bias, 
	 

	𝑊𝑖0 and 𝐵𝑖0 are the initial weight and bias, 
	𝑊𝑖0 and 𝐵𝑖0 are the initial weight and bias, 
	 

	𝛼 is the learning rate, and 
	𝛼 is the learning rate, and 
	 

	𝐸(𝑊𝑖) and 𝐸(𝐵𝑖) are the error as a function of weight and bias, respectively. 
	𝐸(𝑊𝑖) and 𝐸(𝐵𝑖) are the error as a function of weight and bias, respectively. 
	 

	Model Development
	Model Development
	 

	A mathematical software [83] was used to develop the ANN model. Figure 14 shows the step-by-step procedure for the development of the model. 104 data points obtained from laboratory experiments were used for the model development, where 70% of the data points were used for training and 30% for validation of the network. Previous studies suggested that the sample size (i.e., model degree of freedom) should be significantly higher than the number of independent variables [84, 85]. However, some studies recomm
	A mathematical software [83] was used to develop the ANN model. Figure 14 shows the step-by-step procedure for the development of the model. 104 data points obtained from laboratory experiments were used for the model development, where 70% of the data points were used for training and 30% for validation of the network. Previous studies suggested that the sample size (i.e., model degree of freedom) should be significantly higher than the number of independent variables [84, 85]. However, some studies recomm
	 

	𝑋𝑛𝑒𝑤=𝑋−𝑋𝑚𝑖𝑛𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛                                                                              (25)
	𝑋𝑛𝑒𝑤=𝑋−𝑋𝑚𝑖𝑛𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛                                                                              (25)
	 

	Figure 14. ANN Model Development Procedure 
	 
	 

	Figure
	Different network structures were applied to achieve an ANN model with the minimum error, maximum goodness of fit (as measured by R2), and minimum root mean square error (RMSE) for both training and validation datasets, Equations (26-28). A backpropagation process was performed using the gradient descent procedure to iteratively adjust the weights and minimize the error. A two-hidden layer structure with 4 and 3 neurons at each hidden layer was found to yield the minimum error and maximum goodness of fit. F
	Different network structures were applied to achieve an ANN model with the minimum error, maximum goodness of fit (as measured by R2), and minimum root mean square error (RMSE) for both training and validation datasets, Equations (26-28). A backpropagation process was performed using the gradient descent procedure to iteratively adjust the weights and minimize the error. A two-hidden layer structure with 4 and 3 neurons at each hidden layer was found to yield the minimum error and maximum goodness of fit. F
	 
	𝐸=∑(𝐽𝑐,𝑖−𝐽̂𝑐,𝑖)22𝑛𝑖=1                                                                                                  (26)
	 
	𝑅2=1−∑(𝐽𝑐,𝑖−𝐽̂𝑐,𝑖)2𝑛𝑖=1∑(𝐽𝑐,𝑖−𝐽̅𝑐,𝑖)2𝑛𝑖=1                                                                                      (27)
	 
	𝑅𝑀𝑆𝐸=√∑(𝐽𝑐,𝑖−𝐽̂𝑐,𝑖)2𝑛𝑖=1𝑛                                                                                    (28)
	 

	 
	 
	 

	Where, 
	Where, 
	 

	E is the error, 
	E is the error, 
	 

	𝑅2 is the coefficient of determination, 
	𝑅2 is the coefficient of determination, 
	 

	𝐽𝑐,𝑖 and 𝐽̂𝑐,𝑖 are the measured and predicted values of the ith output, respectively, 
	𝐽𝑐,𝑖 and 𝐽̂𝑐,𝑖 are the measured and predicted values of the ith output, respectively, 
	 

	𝐽̅𝑐,𝑖 is the average value if the measured outputs, 
	𝐽̅𝑐,𝑖 is the average value if the measured outputs, 
	 

	RMSE is the root mean square error, and 
	RMSE is the root mean square error, and 
	 

	n is the number of data points. 
	n is the number of data points. 
	 
	 

	Figure 15. Structure of ANN Model for Predicting Jc 
	 
	Figure
	Figure 16(a) presents the relationship between the measured and predicted SCB Jc values based on the ANN model with a 95% confidence interval (C.I.) and prediction interval (P.I.). The ANN model was able to predict the SCB Jc of asphalt mixtures with an RMSE of 0.042 kJ/m2 and R2 of 0.95. The range of measured SCB Jc values used for model development was between 0.20 and 0.95 kJ/m2, which represents a wide range of asphalt mixtures in terms of fracture performance tolerance.
	Figure 16(a) presents the relationship between the measured and predicted SCB Jc values based on the ANN model with a 95% confidence interval (C.I.) and prediction interval (P.I.). The ANN model was able to predict the SCB Jc of asphalt mixtures with an RMSE of 0.042 kJ/m2 and R2 of 0.95. The range of measured SCB Jc values used for model development was between 0.20 and 0.95 kJ/m2, which represents a wide range of asphalt mixtures in terms of fracture performance tolerance.
	 

	Figure 16(b) illustrates the residual normal quantile versus the predicted Jc values. The concentration of the data points around the straight line is an indication of a normal distribution of the residuals. 
	Figure 16(b) illustrates the residual normal quantile versus the predicted Jc values. The concentration of the data points around the straight line is an indication of a normal distribution of the residuals. 
	 

	Figure 16. Training Result (a) Predicted versus Measured SCB Jc, (b) Residual Normal Quantile Plot 
	 
	 

	Figure
	                                              (a)                                                                               (b) 
	Model Validation
	Model Validation
	 

	Figure 17 shows the result of model validation for the developed model by comparing the measured and predicted SCB Jc values with a 95% confidence and prediction interval. It should be noted that the validation dataset (30% of the data points) was independent of the training dataset. Figure 17(a) shows that the proposed ANN model was validated with an R2 of 0.92 and RMSE of 0.051 kJ/m2. The range of SCB Jc values used for model validation was between 0.22 and 0.96 kJ/m2. Figure 17(b) shows the residual norm
	Figure 17 shows the result of model validation for the developed model by comparing the measured and predicted SCB Jc values with a 95% confidence and prediction interval. It should be noted that the validation dataset (30% of the data points) was independent of the training dataset. Figure 17(a) shows that the proposed ANN model was validated with an R2 of 0.92 and RMSE of 0.051 kJ/m2. The range of SCB Jc values used for model validation was between 0.22 and 0.96 kJ/m2. Figure 17(b) shows the residual norm
	 

	Figure 17. Validation Result (a) Predicted versus Measured SCB Jc,  (b) Residual Normal Quantile Plot 
	 
	Figure
	(a)                                                                                             (b) 
	As mentioned earlier, experimental data for mixtures M9 to M14 (Table 1) that were not used in the development of the ANN model were employed to test and validate the accuracy of the developed predictive model. In Figure 18, the measured and predicted SCB Jc values (at 5-days aging) for mixture M9-M14 are compared. The ANN model demonstrates the capability to accurately forecast the long-term aged SCB Jc values for hot mix asphalts (HMAs) with an error [i.e., abs (Measured –Predicted)/Measured 100%] 
	of less than 15%. However, it is important to note that the prediction error for the SMA (M13-SMA) is substantial.
	of less than 15%. However, it is important to note that the prediction error for the SMA (M13-SMA) is substantial.
	 

	Figure 18. Comparison of Measured and Predicted SCB Jc Values for M9-M14 
	 
	 

	Figure
	Development of User Interface
	Development of User Interface
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	AASHTO
	AASHTO
	AASHTO
	AASHTO
	AASHTO
	 


	American Association of State Highway and Transportation Officials
	American Association of State Highway and Transportation Officials
	American Association of State Highway and Transportation Officials
	 



	ALF
	ALF
	ALF
	ALF
	 


	Accelerated Loading Facility
	Accelerated Loading Facility
	Accelerated Loading Facility
	 



	AMPT
	AMPT
	AMPT
	AMPT
	 


	Asphalt Mixture Performance Tester
	Asphalt Mixture Performance Tester
	Asphalt Mixture Performance Tester
	 



	ANN
	ANN
	ANN
	ANN
	 


	artificial neural network
	artificial neural network
	artificial neural network
	 



	ANOVA
	ANOVA
	ANOVA
	ANOVA
	 


	Analysis of Variance
	Analysis of Variance
	Analysis of Variance
	 



	ASTM
	ASTM
	ASTM
	ASTM
	 


	American Society of Testing Materials
	American Society of Testing Materials
	American Society of Testing Materials
	 



	BBR
	BBR
	BBR
	BBR
	 


	Bending Beam Rheometer
	Bending Beam Rheometer
	Bending Beam Rheometer
	 



	BF
	BF
	BF
	BF
	 


	beam fatigue
	beam fatigue
	beam fatigue
	 



	CA
	CA
	CA
	CA
	 


	Christensen-Anderson
	Christensen-Anderson
	Christensen-Anderson
	 



	CAB
	CAB
	CAB
	CAB
	 


	crushed aggregate base
	crushed aggregate base
	crushed aggregate base
	 



	cm
	cm
	cm
	cm
	 


	centimeter(s)
	centimeter(s)
	centimeter(s)
	 



	CoV
	CoV
	CoV
	CoV
	 


	coefficient of variation
	coefficient of variation
	coefficient of variation
	 



	DMR
	DMR
	DMR
	DMR
	 


	dynamic modulus ratio
	dynamic modulus ratio
	dynamic modulus ratio
	 



	DOT
	DOT
	DOT
	DOT
	 


	Department of Transportation
	Department of Transportation
	Department of Transportation
	 



	DOTD
	DOTD
	DOTD
	DOTD
	 


	Louisiana Department of Transportation and Development
	Louisiana Department of Transportation and Development
	Louisiana Department of Transportation and Development
	 



	DSR
	DSR
	DSR
	DSR
	 


	dynamic shear rheometer
	dynamic shear rheometer
	dynamic shear rheometer
	 



	FHWA
	FHWA
	FHWA
	FHWA
	 


	Federal Highway Administration
	Federal Highway Administration
	Federal Highway Administration
	 



	ft.
	ft.
	ft.
	ft.
	 


	foot (feet)
	foot (feet)
	foot (feet)
	 



	FT
	FT
	FT
	FT
	 


	film thickness
	film thickness
	film thickness
	 



	FTIR
	FTIR
	FTIR
	FTIR
	 


	Fourier transform infrared spectroscopy
	Fourier transform infrared spectroscopy
	Fourier transform infrared spectroscopy
	 



	GPC
	GPC
	GPC
	GPC
	 


	gel permeation chromatography
	gel permeation chromatography
	gel permeation chromatography
	 



	G-R
	G-R
	G-R
	G-R
	 


	Glover-Rowe
	Glover-Rowe
	Glover-Rowe
	 



	HMA
	HMA
	HMA
	HMA
	 


	hot-mix asphalt
	hot-mix asphalt
	hot-mix asphalt
	 



	HMW
	HMW
	HMW
	HMW
	 


	high molecular weight
	high molecular weight
	high molecular weight
	 



	LA
	LA
	LA
	LA
	 


	Louisiana
	Louisiana
	Louisiana
	 



	LAS
	LAS
	LAS
	LAS
	 


	linear amplitude sweep
	linear amplitude sweep
	linear amplitude sweep
	 



	LSD
	LSD
	LSD
	LSD
	 


	least significant difference
	least significant difference
	least significant difference
	 



	LTA
	LTA
	LTA
	LTA
	 


	long-term aging
	long-term aging
	long-term aging
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	LTRC
	LTRC
	LTRC
	LTRC
	LTRC
	 


	Louisiana Transportation Research Center
	Louisiana Transportation Research Center
	Louisiana Transportation Research Center
	 



	LVE
	LVE
	LVE
	LVE
	 


	linear viscoelastic
	linear viscoelastic
	linear viscoelastic
	 



	lb.
	lb.
	lb.
	lb.
	 


	pound(s)
	pound(s)
	pound(s)
	 



	m
	m
	m
	m
	 


	meter(s)
	meter(s)
	meter(s)
	 



	MMS
	MMS
	MMS
	MMS
	 


	medium molecular size
	medium molecular size
	medium molecular size
	 



	MSCR
	MSCR
	MSCR
	MSCR
	 


	multiple stress creep recovery
	multiple stress creep recovery
	multiple stress creep recovery
	 



	NMAS
	NMAS
	NMAS
	NMAS
	 


	nominal maximum aggregate size
	nominal maximum aggregate size
	nominal maximum aggregate size
	 



	PAV
	PAV
	PAV
	PAV
	 


	pressure aging vessel
	pressure aging vessel
	pressure aging vessel
	 



	PG
	PG
	PG
	PG
	 


	performance grade
	performance grade
	performance grade
	 



	PM
	PM
	PM
	PM
	 


	polymer modification
	polymer modification
	polymer modification
	 



	QC/QA
	QC/QA
	QC/QA
	QC/QA
	 


	quality control/quality assurance
	quality control/quality assurance
	quality control/quality assurance
	 



	RAP
	RAP
	RAP
	RAP
	 


	recycled asphalt pavement
	recycled asphalt pavement
	recycled asphalt pavement
	 



	RAS
	RAS
	RAS
	RAS
	 


	reclaimed asphalt pavement
	reclaimed asphalt pavement
	reclaimed asphalt pavement
	 



	RBR
	RBR
	RBR
	RBR
	 


	recycled binder ratio
	recycled binder ratio
	recycled binder ratio
	 



	RTFO
	RTFO
	RTFO
	RTFO
	 


	rolling thin film oven
	rolling thin film oven
	rolling thin film oven
	 



	SARA
	SARA
	SARA
	SARA
	 


	saturates, aromatics, resins, asphaltenes
	saturates, aromatics, resins, asphaltenes
	saturates, aromatics, resins, asphaltenes
	 



	SCB
	SCB
	SCB
	SCB
	 


	semi-circular bend
	semi-circular bend
	semi-circular bend
	 



	SMS
	SMS
	SMS
	SMS
	 


	small molecular size
	small molecular size
	small molecular size
	 



	S-VECD
	S-VECD
	S-VECD
	S-VECD
	 


	simplified viscoelastic continuum damage
	simplified viscoelastic continuum damage
	simplified viscoelastic continuum damage
	 



	TCE
	TCE
	TCE
	TCE
	 


	Trichloroethylene
	Trichloroethylene
	Trichloroethylene
	 



	VECD
	VECD
	VECD
	VECD
	 


	viscoelastic continuum damage
	viscoelastic continuum damage
	viscoelastic continuum damage
	 



	VMA
	VMA
	VMA
	VMA
	 


	voids in the mineral aggregate
	voids in the mineral aggregate
	voids in the mineral aggregate
	 



	WMA
	WMA
	WMA
	WMA
	 


	warm-mix asphalt
	warm-mix asphalt
	warm-mix asphalt
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