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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 characterizations 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, while 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 (Pbe).  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 Jc: (1) 

a scaling factor than 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 the Louisiana DOTD’s asphalt mixture QC/QA 

programs. 
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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. 
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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 ΔTc 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 

ΔTc and a moderate correlation with ALAS (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 (Pbe), 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 R2 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 programs. 
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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 (Pbe).  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 

Jc: (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 programs.  
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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. 
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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 (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. 

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 
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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.  
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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 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] 

 

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-1. Moreover, it was found that the ratio of dynamic viscosity to 

where, 

E = elastic modulus;

= material coefficient of viscosity;

= rate of change in stress with respect to time;

= rate of change in strain with respect to time.
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the storage modulus (′/G′) and the value of the storage modulus G′ were two parameters 

that represent the extension characteristics. The plotted map of G′ versus ′/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′/ (′/G′) (determined at 15°C and 

0.005 rad/s). Based on this finding, the DSR function of G′/ (′/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′/(′/G′) was equivalent to |G*|cos2/sin which has been 

referred to as the Glover-Rowe (G-R) parameter, as expressed in the following equation 

[21, 22]. 

𝐺′

′

𝐺′

=
𝐺′

1

𝜔

𝐺′

𝐺′′

=
𝐺′

𝑡anδ

𝜔

=
𝐺∗(cos δ)

𝑠𝑖𝑛 δ

2

𝜔                                                                (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]. 

G∗ = 𝐺𝑔 [1 + (
𝜔𝑐

𝜔
)

𝑙𝑜𝑔2

𝑅 ]

−𝑅

𝑙𝑜𝑔2

 (2)                                                                                     

Where,  

G*() = complex shear modulus, 

Gg = glass modulus (assumed equal to 1 GPa)

r = reduced frequency at the defining temperature (rad/s), 

ωc = crossover frequency at the defining temperature (rad/s), 

ω = frequency (rad/s), and 

R = rheological index.  
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Figure 2. A Typical Master Curve and Physical Properties  [24] 

 

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 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.  
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da

dU

b
JC 










1

      (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. 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. 

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. 
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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.  
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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: 

 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). 

 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 
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comprehensive database containing data for asphalt mixtures using aggregates, asphalt 

binders, and modifiers commonly used by Louisiana DOTD. 

Table 1. Asphalt Mixtures Composition 

Mixture 

Designation 

RAP 

Content 

(%) 

Total 

%AC 

Asphalt 

Binder 

PG 

Modifier Va 

(%) 

VMA 

(%) 

VFA 

(%) 

Pbe 

(%) 

D/B 

M1-15RAP 15 5.0 70-22 SBS 3.5 14.7 76 4.8 0.96 

M2-SMA 0 6.0 82-22 Crumb 

Rubber 

3.5 16.3 79 5.5 1.31 

M3-26RAP 26 4.6 76-22 SBS 3.5 13.2 73 4.1 1.02 

M4-SMA 0 6.3 76-22 SBS 3.5 17 79 5.9 1.29 

M5-18RAP 18 5.0 67-22 - 3.7 13.8 74 4.7 1.17 

M6-18RAP 18 5.0 76-22 SBS 3.5 14.7 76 4.8 0.96 

M7-15RAP 15 4.7 67-22 - 3.4 13.9 76 4.5 1.21 

M8-15RAP 15 4.7 70-22 SBS 3.4 13.9 76 4.5 1.21 

M9-28RAP 28 4.6 67-22 - 3.6 13.1 72 4.1 1.20 

M10-20RAP 20 5.0 67-22 - 3.6 13.9 74 4.5 1.22 

M11-19RAP 19 4.7 70-22 Latex 3.5 14.1 75 4.6 1.17 

M12-19RAP 19 5.1 70-22 SBS 3.5 13.8 75 4.4 1.18 

M13-SMA 0 6.3 76-22 SBS 3.7 16.5 78 5.6 1.47 

M14-20RAP 20 4.2 70-22 SBS 3.5 12.5 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; Pbe 

= 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. 
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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, 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 (CI) 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. 

     𝐶𝐼 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑏𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 𝑎𝑟𝑜𝑢𝑛𝑑 1700 𝑐𝑚−1

∑ 𝐴𝑟𝑒𝑎𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑏𝑎𝑛𝑑𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 1320 𝑎𝑛𝑑 1490 𝑐𝑚−1                                    (4) 
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Figure 3. Sample FTIR spectrum 

 

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 (%As) was used as the evaluation parameter in the 

analysis. 
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Figure 4. (a) Gel Permeation Chromatography (GPC) Raw Curve, (b) Calibration Curve, 

and (c) Weight Distribution of Asphalt Binder Species. 

 
                                    (a)                                                                      (b) 

 
(c) 

Note: DRI = change in refractive index; MW = molecular weight; MMW = medium molecular weight; HMW = high 

molecular weight. 
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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 ΔTc, which is defined as: 

                    c S mT T T                                                                                    (5) 

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].  

Tc 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]. 
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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 δ 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-R Parameter = 
|𝐺∗|×𝑐𝑜𝑠2𝛿

𝑠𝑖𝑛𝛿
                                                                  (6) 

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 

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 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.  
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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:  

                 
*

*
LVE

G
C

DMR G



                                                                                    (7) 

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*|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:  

    0.1%| * |

| * |LVE

G
DMR

G
                                                                                        (8) 

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: 

 
21

( ) ( )
2

R RW DMR C S       (9) 

Where, R() is the pseudo-shear strain time history given by:  

 ( ) * sinR

rLVE
G         (10) 

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:  

     
2 /1

12 2
1

1

0

1
*    with   sin( )

2

r

i i i i rLVE
S DMR G C C Q Q d


 

 
   






 
       

 
   (11) 
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Where,  is determined according to AASHTO TP 101 as the exponent of the power-law 

fit to |G*| versus r obtained from the frequency sweep step in the LAS test.  

2

1( ) 1
CC S C S 

  (12) 

RdS W

d S





 
  

 
  (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: 

     
2 1 2

1 2 0

1
*

2
f fLVE

N C C G Q S


  


  

     
 

  (14) 

Where,  = 1 +  – C2, 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 

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

     
2 1

1 2

1
*

2
LAS fLVE

A C C G Q S







 

    
 

  (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 

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), 
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expressed in Equations (16) and (17), were used to characterize the rutting performance 

of the recovered STA asphalt binders. 

              𝐽𝑛𝑟 =
𝑁𝑜𝑛−𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛

𝑆𝑡𝑟𝑒𝑠𝑠 𝑙𝑒𝑣𝑒𝑙
                                                                          (16)  

              %𝑅 =
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛

𝑇𝑜𝑡𝑎𝑙 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛
                                                                                (17) 

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, 

Jc, is used to ascertain the cracking resistance of asphalt mixtures. The critical strain 

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

   𝐽𝑐 = − (
1

𝑏
)

𝑑𝑈

𝑑𝑎
                                                                                                (18)        

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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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 

asphalt binder 

type 

Aging 

level 

(days) 

Asphaltenes 

(%) 

Resins 

(%) 

Aromatics 

(%) 

Saturates 

(%) 

Colloidal 

Index 

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 23.4 23.4 47.6 5.6 0.41 
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Recovered 

asphalt binder 

type 

Aging 

level 

(days) 

Asphaltenes 

(%) 

Resins 

(%) 

Aromatics 

(%) 

Saturates 

(%) 

Colloidal 

Index 

2 23.5 23.4 48.0 5.0 0.40 

5 30.3 22.5 42.2 4.9 0.54 

7 25.5 25.3 43.5 5.7 0.45 

10 26.7 26.3 40.4 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 44.5 5.9 0.44 

10 25.5 23.5 45.3 5.7 0.45 

M5-18RAP 0 19.5 25.8 47.8 6.9 0.36 

2 20.0 28.7 45.3 5.9 0.37 

5 20.3 27.6 45.7 6.4 0.36 

7 21.8 29.7 41.2 7.3 0.41 

10 22.4 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 29.4 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 31.5 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 CI 
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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 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 (AI) was used, which 

was defined as the ratio of the CI at a 10-day aging level to the CI at a 0-day aging level. 

A lower AI value means that the asphalt mixture exhibited a lower susceptibility to aging. 

It is noted that asphalt binders recovered from M2 showed relatively higher AI values 

compared to other asphalt binders. Further, asphalt binders recovered from mixture M4 

showed the lowest AI 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. 
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Figure 5. FTIR Test Results 

 

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 
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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 

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 

asphalt 

binder type 

Aging 

level 

(days) 

Maltenes% 

(<3K) 

Asphaltenes% 

(3-19K) 

MMW% (19-

45K) 

HMW% 

(>45K) 

M1-15RAP 0 68.4 26.3 3.3 2.0 

2 67.8 26.8 3.5 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 

5 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 5.5 

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 
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Recovered 

asphalt 

binder type 

Aging 

level 

(days) 

Maltenes% 

(<3K) 

Asphaltenes% 

(3-19K) 

MMW% (19-

45K) 

HMW% 

(>45K) 

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 4.9 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 2.5 

10 60.8 29.0 6.3 3.9 

M7-15RAP 

 

0 69.9 26.4 3.2 0.5 

2 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 1.4 0.0 

2 68.5 29.4 2.0 0.1 

5 66.4 30.7 2.5 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 

 

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 lowest ΔTc value at the 

10-day aging level, indicating the lowest ductility and potential to relax stress under 

loading. The relatively lower ΔTc 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 

ΔTc 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 

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 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. ΔTc Results 

 

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 

(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 

consistent with BBR test results. 
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Figure 8. Frequency Sweep Test Results 

 

Linear Amplitude Sweep (LAS) Test Results 

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 parameter at 10-

day aging level to 0-day aging level was defined as the aging index (AI) for the analysis 

(see Figure 9). Lower AI values represent more aging and crack resistant asphalt binders. 

Asphalt binders recovered from M3 and M4 showed relatively low AI 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 AI value and high ALAS value. The high AI 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 9. LAS Test Results 

 

Multiple Stress Creep Recovery (MSCR) Test 

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 depicts rut-resistant 

asphalt binders for extreme traffic level (>30million ESAL + standard traffic).  
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Figure 10. MSCR Test Results 

 

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 

 

(a) 

 

 
(b) 
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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 (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 also 

useful when a non-linear relationship exists between variables [73]. A value of ρ = 0 

indicates that there is no correlation between two variables, and the correlation becomes 

stronger as the absolute value of ρ increases. To interpret the correlation coefficient 

values, the following limits were used based on the existing literature [74, 75]:  

|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)𝑛

𝑖=1

√[∑ (𝑥𝑖−𝑥̅)2𝑛
𝑖=1 ][∑ (𝑦𝑖−𝑦̅)2𝑛

𝑖=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. 

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 
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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 are not 

expected to be correlated. 

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, moderate correlations 

were observed between asphalt mixture SCB Jc parameter and asphalt binder chemical 

and rheological parameters (ALAS, CI, and %As,), 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 ρ p-value 

%As ALAS -0.8149 <.0001 

ALAS CI -0.8078 <.0001 

%As ΔTc -0.7874 <.0001 

ALAS G-R -0.7809 <.0001 

CI ΔTc -0.7500 <.0001 

CI SCB Jc -0.5919 0.0018 

%As SCB Jc -0.5144 0.0085 

ΔTc G-R -0.4469 0.0251 

G-R SCB Jc -0.3324 0.1045 

%As G-R 0.4619 0.0201 

CI G-R 0.4723 0.0171 

ALAS SCB Jc 0.5629 0.0034 
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Parameters ρ p-value 

ALAS ΔTc 0.6921 0.0001 

%As CI 0.7431 <.0001 

ΔTc SCB Jc 0.7951 <.0001 

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. 

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 

Number 

RBR, % Asphalt 

Binder 

Content, % 

PG of Base 

Asphalt 

Binder 

Modifier Aggregate Size Mixture 

Source RAP RAS 

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  (1/2'' 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 5.3 70-22 SBS  (1/2'' NMAS) LL 

7 0 5 5.3 70-22 SBS  (1/2'' NMAS) LL 

8 0 5 5.3 70-22 SBS  (1/2'' NMAS) LL 

9 0 5 5.3 70-22 SBS  (1/2'' 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  (1/2'' 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 

Number 

RBR, % Asphalt 

Binder 

Content, % 

PG of Base 

Asphalt 

Binder 

Modifier Aggregate Size Mixture 

Source RAP RAS 

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 4.5 76-22 SBS (3/4'' NMAS) LL 

37 0 0 4.1 76-22 SBS (3/4'' NMAS) LL 

38 0 0 4.5 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. 
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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 

Pbe (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, m2)  

FT (film thickness, µm)  

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), Pbe, 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" R2 Cp p AIC 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 Pbe 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 
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Step Parameter Action "Sig Prob" R2 Cp p AIC 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 Pbe 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; 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 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 
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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 

 

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 =
1

1−𝑅2                                                                                                   (20) 
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Where,  

VIF is variance inflation factor; and  

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. 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 

Pbe  -0.1291 0.030998  -4.17 <.0001 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 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 

 

  𝐽𝑐,𝑝 = 𝑔 {𝐵0 + ∑ 𝑊𝑘
0𝑔

𝑙

𝑘=1

[∑ 𝑊𝑗𝑘
2 𝑔 (𝐵ℎ𝑗

1 + ∑ 𝑊𝑖𝑗
1𝑋𝑖

𝑛

𝑖=1

) + 𝐵ℎ𝑘
2

𝑚

𝑗=1

]}                     (21) 

 

Where, 

𝐽𝑐,𝑝 is the predicted output,  

l 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),  

𝐵0, 𝐵ℎ𝑘
2 , 𝐵ℎ𝑗

1 , are the bias for the output, second hidden layer, and first hidden layer, 

respectively, 

𝑊𝑘
0, 𝑊𝑗𝑘

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

hidden layer, respectively, and 

Xi is ith input variable. 

tanh (𝑥) =
𝑒𝑥−𝑒−𝑥

𝑒𝑥+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 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 (α). This process continued until the difference 

between the predicted and measured output was minimal. 

𝑊𝑖 = 𝑊𝑖
0 ± 𝛼

𝜕𝐸(𝑊𝑖)

𝜕𝑊𝑖
                                                                                             (23) 

𝐵𝑖 = 𝐵𝑖
0 ± 𝛼

𝜕𝐸(𝐵𝑖)

𝜕𝐵𝑖
                                                                                                (24) 

Where, 

𝑊𝑖 and 𝐵𝑖 are the updated weight and bias,  

𝑊𝑖
0 and 𝐵𝑖

0 are the initial weight and bias,  

𝛼 is the learning rate, and  

𝐸(𝑊𝑖) and 𝐸(𝐵𝑖) 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). 

𝑋𝑛𝑒𝑤 =
𝑋−𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛
                                                                              (25) 
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Figure 14. ANN Model Development Procedure 

 

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. 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 (Pbe), 

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

thickness (FT). 

𝐸 = ∑
(𝐽𝑐,𝑖 − 𝐽𝑐,𝑖)

2

2

𝑛

𝑖=1

                                                                                                  (26) 

𝑅2 = 1 −
∑ (𝐽𝑐,𝑖 − 𝐽𝑐,𝑖)

2𝑛
𝑖=1

∑ (𝐽𝑐,𝑖 − 𝐽𝑐̅,𝑖)
2𝑛

𝑖=1

                                                                                      (27) 

𝑅𝑀𝑆𝐸 = √∑ (𝐽𝑐,𝑖 − 𝐽𝑐,𝑖)
2𝑛

𝑖=1

𝑛
                                                                                    (28) 
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Where,  

E is the error,  

𝑅2 is the coefficient of determination,  

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

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

 
                                              (a)                                                                               (b) 

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 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.  
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Figure 17. Validation Result (a) Predicted versus Measured SCB Jc,  

(b) Residual Normal Quantile Plot 

 
(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%] 
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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 

 

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.  
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Figure 19. The Developed User-Interface for Long-Term Aged SCB Jc Prediction: 

(a) Project-Info Input, (b) Data Input, and (c) Model Output 

 
(a) 

 

 
(b) 

 

 
(c) 
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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. 

• 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. 

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

o ΔTc 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 ALAS parameter obtained from LAS test decreased with increasing aging 

duration. 
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• 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 Jc, ALAS, 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 ALAS had a strong correlation with CI and %As. 

SCB Jc also showed a strong correlation with ΔTc and moderate correlation with 

ALAS. 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, Pbe, 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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Acronyms, Abbreviations, and Symbols 

Term Description 

AASHTO American Association of State Highway and Transportation Officials 

ALF Accelerated Loading Facility 

AMPT Asphalt Mixture Performance Tester 

ANN artificial neural network 

ANOVA Analysis of Variance 

ASTM American Society of Testing Materials 

BBR Bending Beam Rheometer 

BF beam fatigue 

CA Christensen-Anderson 

CAB crushed aggregate base 

cm centimeter(s) 

CoV coefficient of variation 

DMR dynamic modulus ratio 

DOT Department of Transportation 

DOTD Louisiana Department of Transportation and Development 

DSR dynamic shear rheometer 

FHWA Federal Highway Administration 

ft. foot (feet) 

FT film thickness 

FTIR Fourier transform infrared spectroscopy 

GPC gel permeation chromatography 

G-R Glover-Rowe 

HMA hot-mix asphalt 

HMW high molecular weight 

LA Louisiana 

LAS linear amplitude sweep 

LSD least significant difference 

LTA long-term aging 
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Term Description 

LTRC Louisiana Transportation Research Center 

LVE linear viscoelastic 

lb. pound(s) 

m meter(s) 

MMS medium molecular size 

MSCR multiple stress creep recovery 

NMAS nominal maximum aggregate size 

PAV pressure aging vessel 

PG performance grade 

PM polymer modification 

QC/QA quality control/quality assurance 

RAP recycled asphalt pavement 

RAS reclaimed asphalt pavement 

RBR recycled binder ratio 

RTFO rolling thin film oven 

SARA saturates, aromatics, resins, asphaltenes 

SCB semi-circular bend 

SMS small molecular size 

S-VECD simplified viscoelastic continuum damage 

TCE Trichloroethylene 

VECD viscoelastic continuum damage 

VMA voids in the mineral aggregate 

WMA warm-mix asphalt 
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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
	 

	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).
	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] 
	 
	 

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

	the storage modulus (
	the storage modulus (
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	′/
	G′) and the value of the storage modulus G′ were two parameters that represent the extension characteristics. The plotted map of G′ versus 
	
	′/
	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′/ (
	
	′/
	G′) (determined at 15°C and 0.005 rad/s). Based on this finding, the DSR function of G′/ (
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	′/
	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′/ (
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	′/
	G′) was also recommended to represent the aging intensities induced in asphalt binders due to its sensitivity to asphalt aging levels. 
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	hich has been referred to as the Glover-Rowe (G-R) parameter, as expressed in the following equation [21, 22].
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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
	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
	 

	G∗=𝐺𝑔[1+(𝜔𝑐𝜔)𝑙𝑜𝑔2𝑅]−𝑅𝑙𝑜𝑔2
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	Where, 
	Where, 
	 
	G*(
	
	)
	 = complex shear modulus,
	 
	Gg = glass modulus (assumed equal to 1 GPa)
	
	
	
	r
	 = reduced frequency at the defining temperature (rad/s),
	 
	ωc = crossover frequency at the defining temperature (rad/s),
	 
	ω = frequency (rad/s), and
	 
	R = rheological index. 
	 

	Figure 2. A Typical Master Curve and Physical Properties  [24] 
	 
	Figure
	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
	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
	 

	Semi-circular Bend (SCB) Test
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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. 
	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. 
	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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	Where, 
	Where, 
	 

	Jc = critical strain energy release rate, 
	Jc = critical strain energy release rate, 
	 

	a = notch depth,
	a = notch depth,
	 

	b = specimen thickness, and
	b = specimen thickness, and
	 

	U = total strain energy up to failure.
	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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	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:
	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.
	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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	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. 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.
	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.
	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.
	 


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

	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. 
	 

	Methodology
	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. 
	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
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	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 
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	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 
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	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
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	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 
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	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 
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	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
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	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
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	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 
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	M13-SMA 
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	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
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	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
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	Figure 3. Sample FTIR spectrum 
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	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. 
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	                                    (a)                                                                      (b) 
	 
	Figure
	(c) 
	Note: DRI = change in refractive index; MW = molecular weight; MMW = medium molecular weight; HMW = high molecular weight. 
	Superpave Performance Grading
	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 
	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]. 
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	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
	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 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: 
	 

	                 
	                 
	                                                                                    (7)
	 
	InlineShape

	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:
	 

	 
	 
	 
	(9)
	 
	InlineShape

	Where, 
	Where, 
	
	R
	(
	
	) is the pseudo
	-
	shear strain time history given by
	: 
	 

	 
	 
	 
	(10)
	 
	InlineShape

	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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	Asphalt Mixture Experiment
	Asphalt Mixture Experiment
	 

	Semi-circular Bend (SCB) Test
	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, Jc, is used to ascertain the cracking resistance of asphalt mixtures. The critical strain energy release rate, Jc, is calculated using Equation (18):
	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):
	 

	   𝐽𝑐=−(1𝑏)𝑑𝑈𝑑𝑎                                                                                                (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).
	 

	Discussion of Results
	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 beh
	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
	 

	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
	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
	 

	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.
	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
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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.
	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
	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 obser
	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
	 

	Table 2. SARA Analysis Results 
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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. 
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	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
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	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.
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	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
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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
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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
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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
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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.
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	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
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	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
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	Table 4. Pairwise Correlation Analysis 
	Table
	TBody
	TR
	Span
	Parameters 
	Parameters 

	ρ 
	ρ 

	p-value 
	p-value 


	TR
	Span
	%As 
	%As 

	ALAS 
	ALAS 

	-0.8149 
	-0.8149 

	<.0001 
	<.0001 


	TR
	Span
	ALAS 
	ALAS 

	CI 
	CI 

	-0.8078 
	-0.8078 

	<.0001 
	<.0001 


	TR
	Span
	%As 
	%As 

	ΔTc 
	ΔTc 

	-0.7874 
	-0.7874 

	<.0001 
	<.0001 


	TR
	Span
	ALAS 
	ALAS 

	G-R 
	G-R 

	-0.7809 
	-0.7809 

	<.0001 
	<.0001 


	TR
	Span
	CI 
	CI 

	ΔTc 
	ΔTc 

	-0.7500 
	-0.7500 

	<.0001 
	<.0001 


	TR
	Span
	CI 
	CI 

	SCB Jc 
	SCB Jc 

	-0.5919 
	-0.5919 

	0.0018 
	0.0018 


	TR
	Span
	%As 
	%As 

	SCB Jc 
	SCB Jc 

	-0.5144 
	-0.5144 

	0.0085 
	0.0085 


	TR
	Span
	ΔTc 
	ΔTc 

	G-R 
	G-R 

	-0.4469 
	-0.4469 

	0.0251 
	0.0251 


	TR
	Span
	G-R 
	G-R 

	SCB Jc 
	SCB Jc 

	-0.3324 
	-0.3324 

	0.1045 
	0.1045 


	TR
	Span
	%As 
	%As 

	G-R 
	G-R 

	0.4619 
	0.4619 

	0.0201 
	0.0201 


	TR
	Span
	CI 
	CI 

	G-R 
	G-R 

	0.4723 
	0.4723 

	0.0171 
	0.0171 


	TR
	Span
	ALAS 
	ALAS 

	SCB Jc 
	SCB Jc 

	0.5629 
	0.5629 

	0.0034 
	0.0034 




	Table
	TBody
	TR
	Span
	Parameters 
	Parameters 

	ρ 
	ρ 

	p-value 
	p-value 


	TR
	Span
	ALAS 
	ALAS 

	ΔTc 
	ΔTc 

	0.6921 
	0.6921 

	0.0001 
	0.0001 


	TR
	Span
	%As 
	%As 

	CI 
	CI 

	0.7431 
	0.7431 

	<.0001 
	<.0001 


	TR
	Span
	ΔTc 
	ΔTc 

	SCB Jc 
	SCB Jc 

	0.7951 
	0.7951 

	<.0001 
	<.0001 




	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. 
	Database Used for the ANN Model Development
	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 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
	 

	Table 5. Asphalt Mixture Composition  
	Table
	TBody
	TR
	Span
	Mixture Number 
	Mixture Number 

	RBR, % 
	RBR, % 

	Asphalt Binder Content, % 
	Asphalt Binder Content, % 

	PG of Base Asphalt Binder 
	PG of Base Asphalt Binder 

	Modifier 
	Modifier 

	Aggregate Size 
	Aggregate Size 

	Mixture Source 
	Mixture Source 


	TR
	Span
	RAP 
	RAP 

	RAS 
	RAS 


	TR
	Span
	1 
	1 

	18 
	18 

	0 
	0 

	5.0 
	5.0 

	76-22 
	76-22 

	SBS 
	SBS 

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

	PL 
	PL 


	TR
	Span
	2 
	2 

	17 
	17 

	0 
	0 

	5.2 
	5.2 

	76-22 
	76-22 

	SBS 
	SBS 

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

	PL 
	PL 


	TR
	Span
	3 
	3 

	25 
	25 

	0 
	0 

	4.8 
	4.8 

	76-22 
	76-22 

	SBS 
	SBS 

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

	PL 
	PL 


	TR
	Span
	4 
	4 

	24 
	24 

	0 
	0 

	5.0 
	5.0 

	76-22 
	76-22 

	SBS 
	SBS 

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

	PL 
	PL 


	TR
	Span
	5 
	5 

	16 
	16 

	0 
	0 

	5.0 
	5.0 

	76-22 
	76-22 

	SBS 
	SBS 

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

	PL 
	PL 


	TR
	Span
	6 
	6 

	0 
	0 

	0 
	0 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	7 
	7 

	0 
	0 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	8 
	8 

	0 
	0 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	9 
	9 

	0 
	0 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	10 
	10 

	0 
	0 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	11 
	11 

	0 
	0 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	12 
	12 

	0 
	0 

	5 
	5 

	5.3 
	5.3 

	52-28 
	52-28 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	13 
	13 

	15 
	15 

	0 
	0 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	14 
	14 

	15 
	15 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	15 
	15 

	15 
	15 

	5 
	5 

	5.3 
	5.3 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	16 
	16 

	15 
	15 

	5 
	5 

	5.3 
	5.3 

	52-28 
	52-28 

	None 
	None 

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

	LL 
	LL 




	Table
	TBody
	TR
	Span
	Mixture Number 
	Mixture Number 

	RBR, % 
	RBR, % 

	Asphalt Binder Content, % 
	Asphalt Binder Content, % 

	PG of Base Asphalt Binder 
	PG of Base Asphalt Binder 

	Modifier 
	Modifier 

	Aggregate Size 
	Aggregate Size 

	Mixture Source 
	Mixture Source 




	Table
	TBody
	TR
	Span
	RAP 
	RAP 

	RAS 
	RAS 


	TR
	Span
	17 
	17 

	0 
	0 

	0 
	0 

	5.7 
	5.7 

	76-22 
	76-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	18 
	18 

	0 
	0 

	0 
	0 

	6.3 
	6.3 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	19 
	19 

	0 
	0 

	0 
	0 

	6.3 
	6.3 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	20 
	20 

	0 
	0 

	0 
	0 

	6.3 
	6.3 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	21 
	21 

	0 
	0 

	0 
	0 

	6.3 
	6.3 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	22 
	22 

	0 
	0 

	0 
	0 

	6.0 
	6.0 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	23 
	23 

	0 
	0 

	0 
	0 

	6.0 
	6.0 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	24 
	24 

	0 
	0 

	0 
	0 

	6.3 
	6.3 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	25 
	25 

	0 
	0 

	0 
	0 

	6.3 
	6.3 

	82-22 
	82-22 

	CRM 
	CRM 

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

	LL 
	LL 


	TR
	Span
	26 
	26 

	100 
	100 

	0 
	0 

	7.2 
	7.2 

	76-22 
	76-22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	27 
	27 

	100 
	100 

	0 
	0 

	7.2 
	7.2 

	70-22 
	70-22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	28 
	28 

	100 
	100 

	0 
	0 

	7.2 
	7.2 

	76-22 
	76-22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	29 
	29 

	100 
	100 

	0 
	0 

	7.2 
	7.2 

	70-22 
	70-22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	30 
	30 

	0 
	0 

	0 
	0 

	4.5 
	4.5 

	67-22 
	67-22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	31 
	31 

	0 
	0 

	0 
	0 

	4.1 
	4.1 

	67.22 
	67.22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	32 
	32 

	0 
	0 

	0 
	0 

	4.5 
	4.5 

	67.22 
	67.22 

	None 
	None 

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

	LL 
	LL 


	TR
	Span
	33 
	33 

	0 
	0 

	0 
	0 

	4.1 
	4.1 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	34 
	34 

	0 
	0 

	0 
	0 

	4.5 
	4.5 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	35 
	35 

	0 
	0 

	0 
	0 

	4.1 
	4.1 

	70-22 
	70-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	36 
	36 

	0 
	0 

	0 
	0 

	4.5 
	4.5 

	76-22 
	76-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	37 
	37 

	0 
	0 

	0 
	0 

	4.1 
	4.1 

	76-22 
	76-22 

	SBS 
	SBS 

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

	LL 
	LL 


	TR
	Span
	38 
	38 

	0 
	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. 
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	Table 8. Results of Multicollinearity Analysis 
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	Intercept 

	0.566 
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	3.36 
	3.36 
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	- 
	- 


	TR
	Span
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	Day 
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	0.003185 
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	1.1 
	1.1 
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	FT 
	FT 

	0.0631 
	0.0631 

	0.019005 
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	3.32 
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	SA 
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	10.9 
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	0.1793 

	0.028489 
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	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. 
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	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
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	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
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	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
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	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
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	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.
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	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 
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	Model Validation
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	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 
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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.
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	Figure 18. Comparison of Measured and Predicted SCB Jc Values for M9-M14 
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	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.
	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. 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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	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 s
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	AASHTO
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	AASHTO
	 


	American Association of State Highway and Transportation Officials
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	ASTM
	ASTM
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	American Society of Testing Materials
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	BF
	BF
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	CA
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	cm
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	centimeter(s)
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	coefficient of variation
	coefficient of variation
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	DMR
	DMR
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	dynamic modulus ratio
	dynamic modulus ratio
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	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
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	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
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	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
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	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
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