
 

 

ABSTRACT 

SALEH, NOORALHUDA. Quality Assurance Aspects of Performance-Related Specifications 

and Oxidative Aging of Asphalt Pavements. (Under the direction of Dr. Y. Richard Kim). 

 

Quality assurance (QA) specifications are the most commonly used type of specifications 

in asphalt pavement construction. Under QA specifications, the contractor is responsible for 

quality control and the agency is responsible for acceptance. Performance-related specifications 

(PRS) take QA specification one level further by considering how the finished product would 

perform over time. Under a PRS, construction quality characteristics that are amenable to 

acceptance testing at the time of construction are correlated to fundamental engineering 

properties, which in turn can predict the long-term performance of the pavement. The current 

state-of-the-art pavement performance prediction can be done through robust mechanistically-

based cracking and rutting models in the PASSFlexTM software and its suite of tools. The 

predictive capability of PASSFlexTM and its various test methods, models, and software 

programs can be used in the development of a PRS. However, there is currently no guidance on 

how to assemble these components within a statistically sound QA system in a PRS framework. 

In addition, since the predicted pavement performance from the PASSFlexTM software will have 

a direct impact on acceptance and payment, every effort to enhance the predictive accuracy of 

performance prediction should be made. This dissertation contributes to the advancement of the 

scientific knowledge of asphalt pavement PRS by tackling these two challenges. First, research 

efforts documented in this dissertation contributes to enhancing the accuracy of the predicted 

pavement performance by developing a framework with a hierarchical level input system to 

predict changes in asphalt mixture properties due to oxidative aging for incorporation in 

PASSFlexTM. Second, this dissertation provides preliminary guidance for integrating the 

PASSFlexTM components within a PRS framework. Regarding the first objective, a field 



 

 

calibration and validation of a pavement aging model (PAM) using a wide range of pavement 

sections including both conventional hot-mix asphalt (HMA) and modern materials (reclaimed 

asphalt pavement (RAP), warm-mix asphalt (WMA), and polymer-modified asphalt (PMA)) is 

presented. Varying levels of testing complexity and associated accuracy are developed to obtain 

the inputs to PAM. This hierarchical level input system is meant to accommodate different user’s 

testing capabilities. In addition, the Asphalt Mixture Aging Cracking (AMAC) model is 

introduced and employs the PAM results to predict changes to asphalt mixture linear viscoelastic 

and fatigue properties with oxidative aging. The PAM and AMAC models are integrated in 

FlexPAVETM V2.0 for pavement performance prediction that includes the effects of oxidative 

aging. Regarding the second objective, a guidance document is presented, which addresses the 

use and implementation of the fatigue index, Sapp, and the rutting strain index (RSI), their 

proposed specification limits, and ways these indices can be leveraged in mix design and to 

develop PRS. Finally, the impacts of changes in mixture constituent materials, production 

variability, and changes in mix designs within the same mixture category on mixture 

performance are investigated. The findings of this investigation are envisioned to be used to 

develop further guidance on integrating the PASSFlexTM
 suite of testing within a statistically 

sound QA system in a PRS framework. 
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CHAPTER 1. INTRODUCTION 

There are over 4 million miles of paved public roads in the United States, estimated to 

value a whopping 1.75 trillion USD according to the Federal Highway Administration (FHWA 

2015). This tremendous investment merits employing long-term strategies that maximize the in-

service life of the pavements and ensure quality performance. Pavement construction quality has 

a direct influence on the long-term performance of the pavement. Pavement construction 

specifications have evolved over the years to ensure that contractors are supplying pavement 

construction quality within set limits.  

Quality assurance (QA) specifications are the most commonly used type of specifications 

in asphalt pavement construction. Under QA specifications, the contractor is responsible for 

quality control and the agency is responsible for acceptance. This type of specification gives the 

agency some assurance that reasonable processes and procedures are being followed by the 

contractor. Performance-related specifications (PRS) take QA specification one level further by 

considering how the finished product would perform over time. Under a PRS, construction 

quality characteristics that are amenable to acceptance testing at the time of construction are 

correlated to fundamental engineering properties, which in turn can predict the long-term 

performance of the pavement. 

The performance of a pavement structure is generally assessed by the extent of distresses 

experienced throughout its service life. For asphalt pavements, these distresses or performance 

indicators generally fall under two categories, cracking and permanent deformation (rutting). The 

causes for these distresses vary but are generally a function of the pavement structure, material 

properties, traffic, and climate. Prediction of pavement performance can be achieved through 

predictive models of the major identifiable distresses and any associated mechanisms that 
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contribute to the exacerbation or alleviation of these distresses. The difference between the 

predicted pavement performance and the performance that is inferred from measured 

fundamental engineering properties of the as-constructed pavement would then serve as the basis 

for acceptance of the constructed pavement section as well as any pay adjustments for the 

contractor.  

Extensive research efforts and funding have been dedicated to develop test methods, 

testing equipment, hardware, models and computer software. These tools are used first to 

characterize the fundamental engineering properties of asphalt mixtures. The second function of 

these is tools is to establish a more mechanistic approach than current practice to predict the 

pavement performance for use within a PRS framework. The current state-of-the-art pavement 

performance prediction can be done through robust mechanistically-based cracking and rutting 

models in the PASSFlexTM software and its suite of tools. The cracking and rutting models can 

be calibrated through their associated test methods, the cyclic fatigue test and the stress sweep 

rutting test, respectively.  

While fabricating, preparing, and testing asphalt specimens to calibrate the rigorous 

mechanistic models incorporated in PASSFlexTM software only takes a few days, this time-frame 

is deemed too long to be amenable for timely acceptance testing during pavement construction. 

Instead, current acceptance practices under QA specifications are based on statistical sampling 

and measurement of simple characteristics. Whether or not these characteristics fall within preset 

limits determines acceptance. Therefore, while it may not be possible to simplify the test 

methods required to use PASSFlexTM to a sufficient degree where they can be timely completed 

during construction, it is important to be mindful of practical limitations and provide practical 

solutions where and if possible. 
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The predictive capability of PASSFlexTM and its various test methods, models, and 

software programs can be used in the development of a PRS. However, there is currently no 

guidance on how to assemble these components within a statistically sound QA system in a PRS 

framework. There is also a lack of research that proves PASSFlexTM is adequately sensitive to 

adjustments made during production of asphalt mixtures and construction of asphalt pavements. 

This includes typical asphalt plant production variability, changes in mixture components and 

proportions, and the use of different mixture designs.  

In addition, since the predicted pavement performance from the PASSFlexTM software 

will have a direct impact on acceptance and payment, every effort to enhance the predictive 

accuracy of performance prediction should be made. An important field phenomenon that is 

currently overlooked in the PASSFlexTM software is oxidative aging. Oxidative aging has long 

been recognized as a major driver of distress for asphalt pavements. Aging causes the material to 

stiffen and embrittle, which leads to a high potential for cracking. Satisfactorily accounting for 

the effects of aging under various traffic and thermal loading and understanding how typical 

changes made to production and construction affect the aging susceptibility is crucial. Any 

changes to the material properties measured at the time of construction as well as the expected 

performance of these materials over time can eventually have substantial impacts on payment 

decisions. 

Thus, two main goals must be achieved to allow for the development of a PRS using 

PASSFlexTM. One is ensuring that the predicted pavement performance is as accurate as 

possible. This can be achieved by developing rigorous models to address all the main 

mechanisms that are considered drivers of distress within the asphalt pavement. The resulting 

performance is then checked for reasonableness against field data or engineering intuition if the 
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latter is unavailable. The second goal is providing guidance for owner agencies and practitioners 

to integrate the performance predictive capabilities of the PASSFlexTM software into a 

statistically sound QA system in a PRS framework. This includes guidance on setting quality 

levels and tolerances, sampling and testing procedures, acceptance (or rejection) criteria, pay 

adjustments, conducting independent assurance and dispute resolution, and designing asphalt 

mixtures. 

 RESEARCH OBJECTIVE 

The work presented in this dissertation seeks to make advancements to the above goals 

through the following objectives. 

1. Develop a framework with a hierarchical level input system to predict changes in asphalt 

mixture properties due to oxidative aging for incorporation in PASSFlexTM. 

2. Provide preliminary guidance for integrating the PASSFlexTM components within a PRS 

framework. 

 OVERALL RESEARCH APPROACH 

This research will follow a bottom-up approach. A specific focus will first be dedicated 

to developing an oxidative aging model. This model will then be incorporated within the 

PASSFlexTM software and checked for reasonableness. The piecing together of these two 

components will give rise to a more complex system that houses and hinges upon the 

PASSFlexTM software results, the PRS. Table 1 and Table 2 summarize the tasks and 

methodology involved in achieve the above two objectives.  
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Table 1. Research Approach for Objective 1. 

Objective Task Sub-Task 

Develop a framework 

with a hierarchical level 

input system to predict 

changes in asphalt 

mixture properties due to 

oxidative aging for 

incorporation in 

PASSFlexTM 

Refine the Pavement Aging 

Model (PAM) 

Develop depth-dependent field 

calibration function 

Conduct field validation 

Compare against current state-of-

practice Global Aging System (GAS) 

model predictions 

Develop a hierarchical level 

input system to obtain PAM 

inputs 

Determine PAM inputs using loose 

mixture aging 

Estimate PAM inputs using Rolling 

Thin Film Oven (RTFO) and Pressure 

Aging Vessel (PAV) 

Estimate PAM inputs using binder 

performance grade (PG) 

Develop methods to estimate 

PAM inputs for RAP mixtures 

Estimate PAM inputs given individual 

virgin and recycled asphalt pavement 

(RAP) properties 

Estimate RAP properties using PG 

Develop of the Asphalt Mixture 

Aging-Cracking (AMAC) 

model 

Develop a framework to predict 

changes in mixture modulus with aging 

Develop a framework to predict 

changes in mixture fatigue properties 

with aging 

Conduct reasonableness checks 

for performance results in 

FlexPAVETM V2.0 

Implement oxidative aging effects in 

FlexPAVETM V2.0 

Select preliminary method of 

superposing traffic and thermal loading 

effects 

Propose a new definition of percent 

damage in FlexPAVETM V2.0 
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Table 2. Research Approach for Objective 2. 

Objective Task Sub-Task 

Provide preliminary 

guidance for integrating the 

PASSFlexTM components 

within a PRS framework 

Develop various PRS 

protocols based on 

PASSFlexTM 

components 

 

Write Guidance Document One in an 

easy-to-understand language to address 

the use and implementation of Sapp and 

the rutting strain index (RSI), proposed 

specification limits, and ways these 

indices can be leveraged to develop PRS 

Develop protocols that can allow State 

Highway Agencies (SHAs) to use 

Asphalt Mixture Performance Tester 

(AMPT) performance test methods, 

mechanistic models, and PASSFlexTM 

software programs to improve their 

pavement networks. The ultimate goal 

of these protocols is performance-based 

specifications (PBS) 

Investigate the effect 

of changes in both 

mixture constituent 

materials and mixture 

design on Sapp and 

RSI 

 

Study the impact of production 

variability on Sapp and RSI 

Study the impact of changes in binder 

source and grade, RAP content and 

source, and the use of natural sand on 

Sapp and RSI 

 

Study the performance variation of 

mixtures designed using a single 

volumetric-based specification 

 

 

 DISSERTATION OUTLINE 

This work is organized in chapters, described as follows:  

Chapter 2: Literature Review. This chapter presents a review of several existing PRS for 

asphalt pavements including the Asphalt Mixture PRS (AM-PRS) using PASSFlexTM. This is 

followed by a review of existing oxidative aging models. 
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Chapter 3: Refinement of the Pavement Aging Model (PAM). The aging model to be 

used in PASSFlexTM leverages an existing kinetics-based pavement aging model used to predict 

the evolution of an aging index property. This chapter presents a field calibration and validation 

of the pavement aging model using a wide range of pavement sections including both 

conventional hot-mix asphalt (HMA) and modern materials (reclaimed asphalt pavement (RAP), 

warm-mix asphalt (WMA), and polymer-modified asphalt (PMA)). The work presented herein is 

the result of many iterations of field calibration analysis and trials. The data used in this analysis 

were collected by Elizabeth Braswell, Dr. Michael Elwardany, and Dr. Farhad Yousefi Rad. 

Extraction and recovery efforts are credited to Ern-Yeong Song, Christina Lee, Sarah Yim, Dr. 

Michael Elwardany, Dr. Jaehoon Jeong, and Dr. Jamie Heo.  

Chapter 4: Development of Methods to Estimate the PAM Inputs Using Standard Binder 

Aging Methods and Performance Grade (PG). The inputs to PAM should generally be obtained 

through testing the asphalt binder that is extracted and recovered from aged loose asphalt 

mixture. This chapter presents less cumbersome methodologies of obtaining the PAM inputs by 

employing standard and ubiquitously available binder aging methods, namely the Rolling-Thin 

Film Oven (RTFO) and the Pressure Aging Vessel (PAV). Furthermore, this chapter presents a 

rough empirical approach of estimating the inputs using only the PG of the asphalt binder, thus 

providing varying levels of complexity and associated accuracy to accommodate different user’s 

testing capabilities. Part of the data used in this study were collected by Dr. Michael Elwardany, 

Dr. Farhad Yousefi Rad, Elizabeth Braswell, and Gabriel Xue.  

Chapter 5: Development of a Method to Estimate PAM Inputs for RAP Mixtures Using 

Virgin Binder Properties. For mixtures that contain RAP, obtaining the PAM inputs or 

equivalently the aging susceptibility parameters becomes more complex because of the presence 
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of both virgin and RAP binder. This chapter demonstrates a method for estimating the RAP 

kinetics parameters using the PG. Because RAP generally is not characterized per se, PAM 

predictions are utilized to estimate the RAP properties after a certain field aging duration. The 

RAP kinetics parameters then can be combined with the virgin kinetics parameters to estimate 

the RAP-containing mixture kinetics parameters. Testing of the RAP kinetics parameters used in 

this study was done by Dr. Yongchang Wu.  

Chapter 6: Development of the Asphalt Mixture Aging-Cracking (AMAC) Model to 

Predict Changes in Asphalt Mixture Performance Due to Oxidative Aging. This chapter 

introduces the AMAC model that employs the PAM results to predict changes to asphalt mixture 

linear viscoelastic and fatigue properties with oxidative aging. A systematic aging study was 

conducted whereby asphalt mixtures were prepared at multiple laboratory long-term aging levels 

and subjected to dynamic modulus and cyclic fatigue tests using. At each aging level, the binder 

was extracted and recovered from the mixture and subjected to binder rheological testing. This 

chapter also presents some preliminary results of the effect of aging on pavement performance 

predictions. The work presented herein is the result of many iterations of analysis and trials. Data 

of 6 out of 11 mixtures used in this study were obtained by Dr. Farhad Yousefi Rad (4 mixtures) 

and Douglas Mocelin (2 mixtures).  

Chapter 7: Implementation of Oxidative Aging Effects in FlexPAVETM V2.0. This 

chapter presents details regarding the implementation of the PAM and AMAC models in 

FlexPAVETM V2.0. In addition, this chapter takes a closer look at the existing methodology of 

superposing the effects of traffic and thermal loading in FlexPAVETM V1.1 and considers 

alternative methodologies for possible implementation in FlexPAVETM V2.0 alongside the 

effects of oxidative aging.  Finally, a new definition for percent damage is proposed for 
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implementation in FlexPAVETM V2.0 to better represent the effects of oxidative aging and 

thermal loading on pavement performance. The work presented herein required a myriad of 

simulations that informed modifications to both the PAM and AMAC models as well as the 

workings of the FlexPAVETM V2.0 engine. Professor Murthy Guddati implemented the aging 

model in FlexPAVETM V2.0 as well as numerous modifications to the workings of the 

FlexPAVETM V2.0 engine upon request and provided an executable version that facilitated the 

running of pavement performance simulations.  

Chapter 8: Quality Assurance Aspects of Performance-Related Specifications – Guidance 

Document One. This chapter expands on the following: (1) definition of the Sapp and the rutting 

strain index (RSI) parameters and the preliminary threshold values, (2) guidance about ways a 

state highway agency (SHA) could refine the Sapp and RSI threshold values, (3) step-by-step 

guidelines for the use of the Sapp and RSI parameters for different levels of mix design (Balanced 

Mixture Design Plus (BMD+)), and (4) a general overview of different protocols that make use 

of PASSFlexTM tools and methodologies to develop PRS. This chapter is a compilation of all the 

available tools under the PASSFlexTM umbrella that were developed by numerous researchers but 

is presented here in an-easy-to-understand step-by-step format that serves to facilitate 

implementation.  

Chapter 9: Roadmaps to Performance-Based Specifications. This chapter presents 

protocols that can allow SHAs to use the asphalt mixture performance tester (AMPT) 

performance test methods, mechanistic models, and PASSFlexTM software programs to improve 

their pavement networks. The ultimate goal of these protocols is performance-based 

specifications (PBS). The writing of this chapter required numerous meetings with a team of 

experts to breakdown the steps needed to develop a PRS, delineate the roles of owner agencies 
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and contractors, and detail the tools and sequence of actions required to develop pay tables, 

design and accept mixtures, and accept production and construction. 

Chapter 10: Impact of Material and Mixture Design Changes on Asphalt Mixture 

Performance. This chapter provides results from a set of experiments that evaluate the sensitivity 

of Sapp and RSI to: (1) changes in mixture constituent materials, including binder source and 

grade, RAP source and content, and the use of natural sand instead of manufactured sand; (2) 

production variability (i.e., variations in binder content, aggregate gradation, and P-200); and (3) 

changes in mix designs within the same mixture category. The findings of the chapter will serve 

as the basis of Guidance Document Two for the quality assurance aspects of PRS. 
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CHAPTER 2. LITERATURE REVIEW 

 DEFINITIONS OF PERFORMANCE SPECIFICATINS 

The following definitions and explanation of performance specifications, performance 

based specifications, and performance related specifications are provided in the Transportation 

Research Board (TRB) Circular E-C235: Glossary of Transportation Construction Quality 

Assurance Terms (2018). 

1. Performance specifications: Specifications that describe how the finished product should 

perform over time. Performance specifications serve as an umbrella term encompassing 

various specification types including end result specifications, QA specifications, 

performance-related specifications, performance-based specifications, and warranty and 

long-term maintenance provisions. In general, these specification types represent a 

progression toward increased use of higher-level acceptance parameters that are more 

indicative of how the finished product will perform over time. To varying degrees, they 

attempt to shift more performance risk to the contractor in exchange for limiting 

prescriptive requirements related to selection of materials, techniques and procedures. 

2. Performance-based specifications: QA specifications that describe the desired levels of 

fundamental engineering properties (e.g., resilient modulus, creep properties, and fatigue 

properties) that are predictors of performance and appear in primary prediction 

relationships (i.e., models that can be used to predict pavement stress, distress, or 

performance from combinations of predictors that represent traffic, environmental, 

roadbed, and structural conditions). Because most fundamental engineering properties 

associated with pavements are currently not amenable to timely acceptance testing, 



 

12 

performance-based specifications have not found application in transportation 

construction. 

3. Performance-related specifications: QA specifications that describe the desired levels of 

key materials and construction quality characteristics that have been found to correlate 

with fundamental engineering properties that predict performance. These characteristics 

(for example, air voids in asphalt concrete and compressive strength of Portland cement 

concrete (PCC)) are amenable to acceptance testing at the time of construction. True 

performance-related specifications not only describe the desired levels of these quality 

characteristics but also employ the quantified relationships containing the characteristics 

to predict as-constructed pavement performance. They thus provide the basis for rational 

acceptance/pay adjustment decisions. 

 PERFORMANCE SPECIFICATIONS DEVELOPMENT PROCESS 

One of the goals of the second Strategic Highway Research Program (SHRP 2) was to 

investigate design and construction methods that can accelerate construction, minimize 

disruption to users, and enhance durability. To that end, SHRP 2 Project R07 focused on 

promoting performance specifications that emphasize desired results and encourage innovation. 

Project R07 produced guidance documents for executives and specification writers alike to help 

assess whether performance specifications are a viable option for a particular project, and if so, 

how the specifications can be developed (Scott III et al. 2014(a), Scott III et al. 2014(b)). Project 

R07 also highlights that a well-written specification cannot in itself guarantee that the 

performance goals that an agency sets out would be realized. To supplement performance 

specifications, cultural and organizational changes may be necessary to ensure successful 
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implementation across a wide range of projects. Project R07 provides a high-level overview of 

such changes that could be considered.  

Project R07 divides the performance specifications development process into a few steps 

that are illustrated in Figure and that are listed below. 

1. Identify user and societal needs and goals 

Effective performance specifications should tackle the question ‘What goals and needs 

are we trying to satisfy?’ instead of ‘How is the work to be accomplished?’, thus 

inherently considering the users’ needs. Users for example would want accessible roads 

that are safe, provide a quite ride, with minimal delays caused by construction.  

2. Translate user needs and goals to functional performance parameters 

Users’ needs can be too abstract. Thus, it is important to use quantifiable performance 

parameters that relate to the desired project outcomes. For example, the user need ‘safety’ 

can be related to the functional performance parameter ‘friction’.   

3. Consider project delivery approach 

Project delivery approaches include but are not limited to: design-bid-build (DBB), 

design-build (DB), warranties, design-build-operate-maintain (DBOM). DBB approach 

generally specific material and construction requirements along with an end-result 

parameters (such as smoothness). This approach limits the extent to which a contractor 

can be held responsible for performance over time. Instead, it focuses on material 

properties and construction practices that are known to have a substantial effect on long-

term performance. Instead, under DBOM, the contractor assumes responsibility for the 

design, construction, and maintenance of the facility, and consequently faces substantial 



 

14 

performance risk. DB and warranties provide performance risk allocation that falls in 

between DBB and DBOM.  

4. Determine the appropriate measurement strategy 

This step is arguable the most complex and involves determining:  

 Parameters and performance measures, 

 Testing and inspection methods,  

 Sampling plans and frequency,  

 Performance limits and thresholds, and 

 Quality management responsibilities. 

5. Structure incentive strategies and payment mechanisms 

The performance measurement strategy should not only help agencies monitor the 

contractor’s compliance, but it also should motivate the contractor to strive for excellence 

in performance. Thus, the payment mechanism should reward superior performance and 

penalize noncompliance. In doing so, the cost of incentives should be evaluated against 

the benefits of any additional performance levels. Performance-related specifications use 

mathematical models to conduct a life-cycle cost analysis. However, a more common 

approach is a statistically-based sampling and testing plan that consider the variability of 

the measurements to determine pay factors.  

6. Identify gaps 

A performance measure may be technically sound but difficult to implement practically. 

Issues such as equipment costs, inability to yield timely results, and the need for 

specialized training can be considered as gaps in the performance measurement strategy. 
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Such gaps should be identified and addressed to ensure that the transition from 

prescriptive requirements to the implementation of new performance measurement 

strategies do not compromise the performance or create potential for disputes.  

7. Identify and evaluate risks related to performance requirements  

Agencies need to consider possible changes to traditional responsibilities with respect to 

the design, quality management, and maintenance. Certain projects can benefit from 

shifting more responsibility to the contractor through the use of performance 

specifications. However, performance specifications can be risky to both agencies and 

contractors because there is always the possibility that the agency may be paying for 

rejectable work or the contractor may not be receive full compensation for acceptable 

work. 

8. Develop specification language  

The information that needs to be included in a specification varies depending on the 

project delivery approach. Some of the basic sections of a specification include:  

 Scope of work,  

 Material requirements,  

 Construction requirements,  

 Quality management,  

 Acceptance criteria, and 

 Measurement and payment. 
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Figure 1. Performance specifications development process (Scott III et al. 2014). 
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 PERFORMANCE RELATED SPECIFICATIONS CONCEPT 

Public highway agencies employ QA specifications in contracts to provide “…confidence 

that a product or facility will perform satisfactorily in service…” (TRB 2018). According to 

Anderson et al., these specifications are composed of several sections including but not limited 

to: 

 Sampling and testing procedures 

 Quality levels and tolerances 

 Acceptance (or rejection) criteria, and 

 Payment adjustment schedules for key AQCs (Anderson et al., 1990). 

A typical QA model is shown in Figure 2. The owner, according to this model, describes 

the product required through drawings and specifications, which include the above listed 

sections. The contractor creates the product by exercising control over the quality of the 

construction process. Specifications for highway construction materials and elements have taken 

different forms throughout the years as highway engineers have developed better predictors of 

performance and construction managers have adopted better methods of measuring compliance. 

PRS is a type of QA specifications. Under a PRS, the measured AQCs correlate with 

fundamental engineering properties, which in turn are used to predict the performance of the 

pavement over time. The selection of quality levels and tolerances are based on how the AQCs 

correlate to the performance. The payment adjustments are based on differences between the 

performance predicted from AQCs selected in the design process and the performance predicted 

from AQCs measured during construction. 
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Figure 2. Elements of a QA system (Chamberlin 1995). 

 EXISTING PRS FRAMEWORKS 

2.4.1 PRS for Asphalt Pavements based on WesTrack Data 

The research effort resulting from WesTrack project constitute the first major attempt to 

develop a PRS for asphalt pavements in the United States (Epps 2002). The pavement 

performance is obtained using a software package called HMA Spec. The pavement performance 

is quantified based on the extent of two distress mechanisms, fatigue cracking and permanent 
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deformation (rutting). The analysis needed to arrive to these two distresses can be done based on 

two levels of accuracy. The first level is the less accurate than the second in that it is completely 

based on empirical regression analysis that correlates mix characteristics, traffic, and climate to 

rutting and fatigue cracking. The second level is more accurate in that it employs both 

mechanistic models and regression analysis (Shook et al. 1993).  

The crux of this PRS framework is comparing the estimated life cycle cost (LCC) of the 

constructed pavement to that of the designed pavement, through which the pay factor (PF) would 

be determined to make payment decisions. HMA Spec uses FHWA’s Life-Cycle Cost Analysis in 

Pavement Design-Interim Technical Bulletin as the in-built LCC model. Inputs to the LCC 

model include material and construction factors, environmental factors, cumulative traffic and 

base course and roadbed soil characteristics. Also, the cost of future rehabilitation treatments and 

a discount rate are needed for the calculation of net present values (NPVs).  

Pay tables in a PRS must be developed long before the contracts are let and construction 

is done to give potential contractors some information as to how the payment would be affected 

by deviations in the materials and construction quality from the target values. The pay tables are 

thus generated based on the differences between the as-designed LCC and a distribution of 

theoretical as-constructed LCCs. A Monte Carlo simulation process generates LCC distributions 

for the as-designed versus as-constructed pavement. The variabilities of construction parameters 

that can be controlled by the contractor (i.e., air void, asphalt content, thickness, and gradation) 

are considered, while the other parameters are held constant. The performance prediction 

mentioned earlier are utilized to determine the type and timing of future rehabilitation activities. 

Different rehabilitation types have different costs. The cost of the rehabilitation is then converted 

to NPV. If the predicted LCC of the as-constructed pavement is less than that of the designed 
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pavement, the contractor will receive a bonus. Otherwise, the contractor will be penalized if the 

predicted LCC of the as-constructed pavement is more than that of the designed pavement. 

2.4.2 Quality Related Specification Software (QRSS) Developed in NCHRP 09-22 

The work under NCHRP 09-22 resulted in refining the WesTrack PRS framework by 

incorporating the Mechanistic-Empirical Pavement Design Guide (MEPDG) software to predict 

the rutting, fatigue cracking, and thermal cracking of asphalt pavements (Moulthrop and 

Witczak, 2011). The end result of this effort was the generation of a stand-alone program known 

as QRSS, which incorporates the performance prediction models used within MEPDG. Monte 

Carlo simulations are first run to estimate the modulus based on variations in mixture air voids, 

asphalt content, gradation, and binder viscosity. Afterwards, separate Monte Carlo simulations 

are conducted to estimate rutting, thermal cracking, and fatigue cracking. These distresses are 

then converted to predicted pavement life. The difference in life between the as-designed and as-

constructed pavement is then used to inform pay adjustments. There also exists a maximum 

bonus value that a contractor can receive to prevent “over-construction”. A maximum deduct 

value also exists, beyond which contractors would be required to remove and replace the 

pavement at their own expense.  

An application of a hybrid performance-based QA system for an airfield pavement using 

QRSS was presented by Chehab and Hamdar (2020). The hybrid approach consists of utilizing 

performance testing (Hambrug wheel tracker and dynamic modulus) in mix design. During 

production and placement, traditional AQCs are measured and performance testing is conducted.  

This study identified that the scarcity of PBS guidelines and the reluctance of stakeholders to 

explore PBS are the main challenges in implementation. In the presented case study, pay factors 

were calculated based on the quality measure ‘percent within limits’ based on two main 
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acceptance criteria: 1) AQCs, and 2) performance test results. Although the measured AQCs 

were all within the specification tolerance, the high variability in measurements resulted in 

payment reduction of 2.5%. On the other hand, the performance test results promoted a payment 

reward of 5%. The latter indicated that the variability of the volumetric properties may not have 

adverse effect on mixture performance.  

2.4.3 PRS for Asphalt Pavements in Austria 

Two sets of specifications are currently in use in Austria. One set of specifications is 

based on empirical properties (e.g., volumetrics, Marshall, etc.) and the other is PRS-based and 

requires the measurement of properties that are directly related to pavement performance (e.g., 

low-temperature cracking, rutting, stiffness, and fatigue resistance). The highway agency 

chooses between the two options before the call for bids is initiated (TFRS 2021).  

The contractors’ proposed mixture goes through a round of testing prior the start of 

construction. Conducted tests include the Thermal Stress Restrained Specimen Test (TSRST), 

the Triaxial Cyclic Compression Test, and the 4-Point Bending Beam Fatigue Test. The former 

two tests require about 7 working days, while the latter test require about 15 working days to be 

completed. The results must be reported to the highway agency 2 weeks in advance of the 

construction. Due to the lack of European test standards, Austria has established its own 

standards in terms of specimen preparation, testing details, data evaluation, and results reporting 

in order to maintain repeatable and reproducible results. Acceptable deviations for the 

performance test results are provided in the specifications. Most recently, Austria has managed 

to incorporate actual material parameters from performance tests in the pavement design process.  

In terms of acceptance, the same performance tests are done on a lot-by-lot bases. Due to 

the turn-around time of the tests, the results are only available after the project is completed. If 
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the deviation of the performance tests results is more than what is allowed in the project 

document, the contractor is asked to provide an extended warranty (2 years) for the pavement. If 

the deviations are dramatic, the contractor is required to remove and replace the pavement layers 

at their own expense. 

2.4.4 PRS for Asphalt Pavements using PASSFlexTM 

The asphalt mixture PRS (AM-PRS) supported by FHWA is based on robust-mechanistic 

models and pavement performance predictions. The pavement performance can be predicted 

under any traffic and climate using FlexPAVETM, a structural analysis tool that is based on finite 

element analysis. The models integrated within FlexPAVETM include the Simplified Viscoelastic 

Continuum Damage Model (S-VECD) to characterize the cracking resistance under traffic and 

thermal loading (fatigue and thermal cracking), the shift model to characterize the rutting 

resistance, and the Asphalt Mixture Aging-Cracking (AMAC) model to capture the change in 

material properties with oxidative aging (details of the development of which will be presented 

later in this work). FlexPAVETM has been successfully used to predict the performance of in-

service pavements to optimize their design in Brazil (Bueno et al. 2020) and to address rutting 

issues in a major Middle East international airport (Chehab 2020).  

The test methods involved in calibrating the above listed models include the dynamic 

modulus test to capture the material linear viscoelastic properties (AASHTO T 378 and 

AASHTO TP 132), the cyclic fatigue test (AASHTO TP 107 and AASHTO TP 133), both of 

which are needed to calibrate the S-VECD model. The Stress Sweep Rutting (SSR) test 

(AASHTO TP 134) is conducted to calibrate the shift model for rutting resistance. Standards 

currently exist to prescribe procedures needed to fabricate specimens needed for each test 

(AASHTO R 83 and AASHTO PP 99). All of these test methods for asphalt mixtures are 
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conducted on Asphalt Mixture Performance Tester (AMPT). To calibrate the aging model, as 

will be shown later, standard binder aging methods such as RTFO (AASHTO T 240) PAV 

(AASHTO R 28) are needed to age the binder, which is followed by testing using a dynamic 

shear rheometer (DSR). A full suite of specimen preparation and testing is estimated to only 

require a week’s worth of working time to be completed.  

The results from all of the above test methods can be analyzed through an excel-based 

spreadsheet software called FlexMATTM. FlexMATTM also generates material property files that 

can be used as input for pavement structural performance simulation for any traffic and climate 

using FlexPAVETM. The pavement performance can then be predicted using FlexPAVETM 

simulations.  

The mixture performance can be evaluated either through running a pavement 

performance simulation using FlexPAVETM through the extent of predicted distresses  or using 

an index value from the test methods themselves without the incorporation of pavement 

performance simulation. There currently exist two indices to evaluate the mixture’s fatigue and 

rutting resistance. The fatigue cracking index is called Sapp (Wang et al. 2020) and the rutting 

resistance index is called the Rutting Strain Index (RSI) (Ghanbari et al. 2022), both of which are 

automatically calculated through FlexMATTM. Sapp accounts for the effects of a material’s 

modulus and toughness on its fatigue resistance and is a measure of the amount of fatigue 

damage the material can tolerate under loading. Higher Sapp values indicate better fatigue 

resistance of the mixture. There currently exists Sapp thresholds that can characterize mixtures to 

be used for certain traffic levels. For example, a mixture with a Sapp value of less 24 but greater 8 

can only be used with a standard level of traffic (less than 10 million ESALs). Table 3 

summarizes the Sapp thresholds.  
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Table 3. Recommended Threshold Values for Sapp Fatigue Index Parameter. 

Traffic (million ESALs) Sapp Limits Tier Designation 

Less than 10 Sapp > 8 Standard S 

Between 10 and 30 Sapp > 24 Heavy H 

Greater than 30 Sapp>  30 Very Heavy V 

Greater than 30 and slow traffic Sapp > 36 Extremely Heavy E 

 

The RSI index is the average permanent strain (in percent) and is defined as the ratio of 

the permanent deformation in an asphalt layer to the thickness of that layer at the end of a 20-

year period, over which 30 million 18-kip standard axle load (ESAL) repetitions are applied to a 

standard structure. A mixture with lower RSI values has more rutting resistance than a mixture 

with higher RSI values. FlexMATTM can be used to calculate RSI within only a few seconds. 

Similar to Sapp, RSI can be used to characterize mixtures based on their rutting resistance and 

assigns their use for a certain traffic category. Table 4 summarizes the RSI thresholds.  

Table 4. Recommended Threshold Values for Rutting Strain Index (RSI) Parameter. 

Traffic (million ESALs) RSI Limits (%) Tier Designation 

Less than 10 RSI < 12 Standard S 

Between 10 and 30 RSI < 4 Heavy H 

Greater than 30 RSI < 2 Very Heavy V 

Greater than 30 and slow 

traffic RSI < 1 Extremely Heavy E 

 

Under AM-PRS, the quality levels and tolerances in the specification would be based on 

either on to Sapp and RSI thresholds or on the pavement performance predicted from 

FlexPAVETM. Similarly, the contractor would be required to submit their proposed mixture for 

an acceptance process based on either Sapp and RSI thresholds or on predicted pavement 

performance using the measured material properties. As for acceptance of the constructed 

pavement, it is expected there would a set of several protocols that a highway agency can choose 
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from before starting a project. One such protocol would require the measurements of volumetric 

based AQCs such as asphalt content, air void content, and gradation. These AQCs will then have 

to be correlated to either Sapp and RSI or pavement performance predicted through FlexPAVETM. 

Another protocol might require conducting performance testing on a lot-by-lot bases. Under this 

protocol, there would be a lag between the construction and the time at which results would be 

available from performance testing. A certain set of conditions will need to be developed to 

determine required actions depending on the deviation of the as-constructed results from the as-

designed requirements. There is currently no guidance provided to explain the details of this 

process.  

The AM-PRS, however, boasts what is called the Index-Volumetric Relationship (IVR) 

and Performance-Volumetric Relationship (PVR). These two relationships allow the conversion 

of measured volumetric AQCs such as binder content and air void content into Sapp and RSI and 

pavement performance (percent damage and rut depth), respectively. The existence of such 

relationships renders AM-PRS usable in the near future. 

 ELEMENTS OF DISPUTE RESOLUTION IN PERFORMANCE SPECIFICATIONS 

Dispute resolution is defined in the transportation construction industry according to the 

TRB Circular E-C235: Glossary of Transportation Construction Quality Assurance Terms as 

“the procedure used to resolve conflicts resulting from discrepancies between the agency’s and 

contractor’s results of sufficient magnitude to impact acceptance and payment”. Dispute 

resolution is used to minimize adversarial relationships between parties as well as the loss of 

project time and money. 

Elements of dispute resolution are more commonly found in performance specifications 

rather than in prescriptive specifications. Prescriptive specifications are ‘recipe’ specifications 
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that provide contractors detailed instructions for means and methods to achieve the design. 

Prescriptive specifications give contractors no latitudes to use their knowledge and experience in 

construction to achieve the design. That’s true even if there are better ways to achieve the design 

than what’s prescribed in the specification. Prescriptive specifications impliedly warrant the 

accuracy and suitability of the agency’s design and the detailed prescriptive specifications. While 

prescriptive specifications provide the agencies total control over the end product, the agencies 

eventually find themselves responsible for any problems in their specifications. If the 

specifications are found to be erroneous and the contractor has made every effort to achieve the 

design following these specifications, the contractor would have the right to receive and 

adjustment in the contract price. Thus, in many cases involving prescriptive specifications, an 

elaborate dispute resolution process is not necessary. 

Different reasons prompted the highway construction industry to incline towards 

performance specifications. One reason is to provide the contractor latitude to innovate how best 

to achieve the design in an improved, less costly, and more reliable way without unnecessary 

constraints set by the specification. Other reasons include concerns regarding the high variability 

in construction and materials and the lack of effective agency monitoring, sampling, and testing 

programs to determine overall contractor compliance to specifications (FHWA 2004). From a 

liability perspective, performance specifications also theoretically offer the agency a major 

advantage by shifting some risks to the contractor. A performance specification describes the 

operational characteristics or ultimate use of the final product without telling the contractor exact 

‘how-to’ to achieve the final product. For example, to compact an asphalt lift, a prescriptive 

specification would specify the moisture content of the aggregate base layer, the compaction 

temperature, the type of roller, weight of roller, minimum number of passes, and the minimum 
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air temperature. On the other hand, a performance specification would use the maximum air void 

content to specify the compaction performance without dictating the roller type and number of 

passes (Loulakis 2013).  

Technical literature generally differentiates between different types of performance 

specifications, such as quality assurance specifications, performance-related specifications, and 

performance-based specifications. However, in the context of legal literature and caselaw, there 

is a distinction between only two terms: prescriptive specifications and performance 

specifications. Performance specifications is generally used to describe specifications that give 

the contractor some latitude in the design and construction to achieve the required needs 

(Loulakis 2013). For the purpose of this paper, similar terminology will be used.  

The gear towards implementing performance specifications raises questions regarding the 

choice of in-place properties to be measured, the methods of testing, the elements that should 

stay under the agency’s control, and how noncompliance of measured properties to specification 

requirements should be handled (Tuggle 1994). In using performance specifications, it is crucial 

to establish monitoring programs to verify compliance and consequences if contractor work is 

noncompliant. Depending on the construction quality and the compliance levels, if the final 

payment determined varies from the contract price, disputes can arise. Thus, a dispute resolution 

process is often needed to address these issues. 

In the construction industry, disputes are fairly common, mainly because of risks inherent 

to the complexity of construction projects and because of contrasting interests of the parties 

involved. Disputes most often lead to increased costs, delays, and damaged business 

relationships. Previous studies have shown that the frequency of disputes in construction projects 

can be reduced through the timely identification of potential dispute sources and the 
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implementation of effective mechanisms to deal with disputes when they arise (Groton 1997, 

Mitropoulos and Howell 2001). 

2.5.1 Forms of Dispute Resolution 

The most traditional and familiar form of dispute resolution is litigation with a judge or 

jury deciding on the outcome. However, there are many other options available, often called 

alternative dispute resolution (ADR). This sections provides a brief explanation of what entails 

each of the most common ADR, such as litigation, arbitration and mediation (American Bar 

Association). This is the followed by a description of the most commonly used ADR in the 

highway construction industry. 

2.5.1.1 Litigation 

Litigation is the process of resolving disputes in the court system. Litigation is a 

contested action and involves a lawsuit and a trial, where a judge or jury make the final decision 

unless the parties settle before trial. Construction litigation stakeholders are typically agencies, 

contractors, subcontractors, material suppliers, architects, engineers, construction managers, 

developers, insurers, and bonding companies. Typically, stakeholders in construction litigation 

seek monetary compensation for economic loss suffered as a result of the other party’s unlawful 

conduct. Litigation often requires the hiring of attorneys, is costly, and is only resorted to if other 

dispute resolution mechanisms fail. 

2.5.1.2 Arbitration 

Many construction disputes are resolved through arbitration. Arbitration requires the 

parties in dispute to resolve the matter outside the court system. The parties resort to a third party 

neutral, called the arbitrator, who acts like a judge and has the authority to make a legally-

binding decision about the dispute. Arbitration is less formal than litigation. The disputing 
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parties have the latitude to decide the rules of arbitration as well as the arbitrator(s). The hiring of 

an attorney for arbitration is not required. Arbitration is generally considered more efficient and 

more economic means of dispute resolution. 

2.5.1.3 Mediation 

Mediation is a private process where a neutral third person called a mediator helps the 

parties discuss and try to resolve the dispute. The mediator does not have the authority to bind 

the parties to any outcome.  The parties have the opportunity to describe the issues, discuss their 

interests, and understandings, provide each other with information and explore ideas for the 

resolution of the dispute. In mediation, the parties are the decision makers, as opposed to 

arbitration and litigation where the decision making is relinquished to an arbitrator or the court. 

Mediations can be scheduled at the parties’ discretion, hence allowing conflict resolution to 

facilitate timely completion of the project and preservation of parties’ relationship for future 

projects. This contrasts arbitration and litigation where hearings and court trials take months or 

even years to be scheduled. Mediation is considered the most cost effective and timely ADR.  

2.5.1.4 Alternative Dispute Resolution in Highway Construction 

Since the 1970s, the construction industry in the United States has utilized a creative 

ADR called Dispute Review Board (DRB), which is now considered a widely-accepted ADR 

(Menassa and Pena Mora 2010). The concept of DRB is to involve three neutral experts in the 

construction phase of the project. DRB provides a mechanism to anticipate and handle potential 

problems, provide advisory opinions on disputed matters, and help initiate ADR when disputed 

matters cannot be settled. A DRB is formed well ahead of the start of the project and is provided 

with sufficient documents to understand all aspects of the project. After the start of the project, 

the DRB meets regularly to review the project progress, anticipate future challenges, and provide 
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advisory opinion. The provisions of the DRB are typically provided in the bid documents. Both 

agency and contractor must make a contractual agreement regarding the DRB panel 

(qualifications, impartiality,…) as well as whether DRB recommendations are legally binder or 

non-binding. Most DRBs in construction projects in the United States make non-binding 

recommendations, allowing the disputing parties to pursue other ADR mechanisms if agreement 

is not achieved at the DRB level (Bayraktar et al. 2012, Estes 2012). Figure 3 shows the dispute 

resolution process using a DRB. 

There are various structures to a DRB other than the three-member DRB, such as single-

member DRB, five-member DRB, consolidated DRB (for parties that have multiple projects 

together), standing DRB (for agencies that have large projects in a single geographic region, 

requiring contractors to have representatives on the DRB), regional DRB (for projects with no 

specific DRB to have access to a regional DRB), among others.  

 

Figure 3. Dispute resolution process using DRB (Menassa and Pena Mora 2010) 
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2.5.2 Analysis of Dispute Resolution Boards in Highway Construction 

There are currently 4 DOTs that stand out in terms of DRB implementation according to 

Estes (2012). These states are: California, Colorado, Florida, and Washington. Table 5 

summarizes some information for each of the four states about the DRB formation trigger with 

respect to project cost, DRB work start in relation to project start, number of members of DRB, 

costs related to DRB, and whether a formal training is required for the DRB. In addition to the 

information provided in Table 5, the states differ in how to select members for the DRB. In 

California, for a Dispute Resolution Advisor (DRA), the contractor and owner agree on one 

candidate from a preapproved candidate list. In the case of a DRB, the contractor and owner each 

appoints a member, and the two members appoint a third, such that all three members are form a 

preapproved list. In Colorado and Washington, a similar procedure to that in California is 

followed for both 1-member and 3-member DRB. The difference in Colorado and Washington is 

that the members may or may not be from a suggested list of candidates. In Florida, regional 

DRBs are formed by district of a list of preapproved candidates (by FDOT and Florida 

Transportation Builders’ Association). Members of project-specific DRBs are formed by the 

contractor and owner each appointing a member and the two members appoint a third.   
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Table 5. Comparison of DRB Practices of Four Leading States. 

DRB 

Practice 

California 

DOT 
Colorado DOT Florida DOT Washington DOT 

Project cost 

trigger for 

DRB 

DRA*: $3M - 

$10M 

DRB: > $10M 

> $15M > $15M 

When a dispute 

arises and contractor 

requests DRB 

DRB work 

start w.r.t 

project start 

Project start 

On-demand 

DRB: as needed 

Standing DRB: 

project start 

Region DRB: as 

needed 

Project specific 

DRB: project start 

When a dispute 

arises 

Number of 

members 

DRA: 1 

DRB: 3 

On-demand 

DRB: 1 to 3 

Standing DRB: 

3 

3 3 

Cost for a 

3-member 

DRB 

On-site 

meetings: 

$4,500/day 

Incidentals: 

$150/hr/member 

On-site 

meetings > 4 

hrs: $3,600/day 

On-site 

meetings < 4 

hrs: $2,400/day 

Incidentals: 

$150/hr/member 

1-day hearings: 

$8,000/hearing 

>1-day hearings: 

$3,300/day 

Owner and 

contractor pay 100% 

of costs of their 

appointee. Third 

member costs are 

shared between 

owner and 

contractor 

Formal 

training 

required 

Yes No Yes No 

*DRA: Dispute Resolution Advisor 

 

In a survey of 48 individuals at a DRB conference, who are mainly attorneys, contractors, 

engineers, or owners, an overwhelming majority said that DRB is beneficial to owners and 

contractors alike in reducing unrecoverable dispute related project costs (Harmon 2003). In 

another study that analyzed over 1000 dispute cases from FDOT DRB database, the DRB 

effectiveness ratio indicated that in over 90% DRB hearing sessions, settlement of disputes was 

reached in different kinds of construction project types (Menassa and Pena Mora 2010). 

Bayraktar et al. (2012) analyzed 262 dispute reports in the FDOT DRB database, 

focusing on transportation projects between 1994 and 2008. They found that out of 262 disputes, 

the contractors won 119 times (45%) and FDOT won 133 times (51%) with a remaining 10 
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disputes (4%) that ended in negotiations. Only 74 disputes (28%) had a monetary value, with no 

monetary value specified for the remaining disputes. Similarly, Only 77 disputes (29%) had a 

time characteristic specified to them. Table 6 and Table 7 show the distribution of the disputes in 

terms of their monetary value and time value. Most of the disputes with specified monetary and 

time values were found to fall in the range of $0 - $49,999 and 0 - 25 days, respectively. 

Table 6. The Monetary Value Associated with FDOT DRB Disputes. 

Monetary Value Range Number of Disputes 

$0 - $49,999 39 

$50,000 - $99,999 13 

$100,00 - $149,000 7 

> $150,000 15 

Table 7. The Time Value Associated with FDOT DRB Disputes. 

Time Value Range Number of Disputes 

0 - 25 days 43 

26 - 50 days 9 

51 - 75 days 12 

> 76 days 13 

The disputes were also categorized into 10 different aspects that are: material, quality, 

safety, plans and specifications, construction methods, equipment, third party hindrances, 

quantity variation, unforeseen conditions, and permits. Table 8 shows the distribution of the 

disputes into these categories. As shown in Table 8, the three main dispute characteristics are 

unforeseen conditions with 67 disputes (26%), quantity variation with 58 disputes (22%), and 

plans and specifications with 43 disputes (16%). Bayraktar et al. (2012) further provided a 

detailed categorization of the disputes in each of the main categories show in Table 8. Only 12 

disputes were categorized under Concrete/Asphalt/Slab. Only 1 dispute was found to relate to 

each of Defective Specifications/Plan, Liquidated Damages, and Incentives-Disincentives. 

Disputes were found to fall more under other different categories such as Foundation, Utility 

Work, and Additional Unforeseen Work. Bayraktar et al. (2012) then went on to develop 



 

34 

lessons-learned from the FDOT DRB to help FDOT avoid future disputes. A suggested lesson-

learned to avoid defective specifications is to have FDOT experts conduct early site visits before 

setting the specifications and to employ a regulatory agency to review the specification and join 

the site visits. Another lesson-learned is to state in the specification that contractors must submit 

their proposed materials in samples to FDOT for approval.  

Table 8. FDOT DRB Disputes Categorized Based on Contractual Aspect. 

Category Number of Disputes 

Material 32 

Quality 3 

Safety 4 

Plans and Specifications 43 

Construction Methods 22 

Equipment 2 

Third Party Hindrance 21 

Quantity Variation 58 

Unforeseen Conditions 67 

Permit 10 

 

2.5.3 Example Guidance for Dispute Resolution in Performance Specifications 

The information in this section was originally provided as a guide to be considered and 

modified by an agency seeking to introduce a dispute resolution procedure in a quality assurance 

program (Tuggle 1994). 

2.5.3.1 Avoidance of Disputes 

For performance specifications, a monitoring program is generally established to give 

both contractor and agency some assurance of product quality in a reliable and unbiased manner. 

To avoid potential disputes arising from differences between contractor and agency results, an 

effective monitoring program should contain some essential elements such as:  

 Sampling and testing performed by qualified personnel and in certified laboratories; 
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 Testing a split-sample by both contractor and agency pre-production to ensure no 

discrepancy between the laboratory results; 

 Test samples obtained following an approved random scheduling method; 

 Agency observing contractor sampling and testing methods; 

 Use of an independent assurance party to monitor contractor and agency testing; 

 Timely communication of test results between parties. 

Following a monitoring program with essential elements such as the above would 

typically result in detecting problems that could lead in differences in results between contractor 

and agency. 

2.5.3.2 Dispute Resolution Involving Different Contractor and Agency Test Methods 

If it was accepted in that contract that the agency and contractor would use different test 

methods, a correlation between the results of the two methods should be established by a 

preliminary contractor/agency testing program. If such correlation is not established, correlation 

data may be available from the literature and should be used. For disputes originating from the 

fact that different test methods are used, the following steps are suggested to be followed.  

Step 1: A preliminary project-level investigation is conducted to determine the reason for 

the discrepancy in test methods between contractor and agency for the purpose of dispute 

resolution. 

Step 2: If no resolution is reached following the investigation, a third-party laboratory is 

selected to serve as an arbitrator (central laboratory or a private laboratory).  

Step 3: The third-party laboratory conducts an investigation involving the following 

elements: 
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 Review of available data from contractor and agency laboratories; 

 Testing of additional split samples, 

 Review of contractor and agency test equipment calibration; 

 Observe disputed sampling and test methods done by contractor and agency; 

 Conduct an engineering analysis and reach a binding decision on the dispute.  

2.5.3.3 Dispute Resolution Involving Similar Contractor and Agency Test Methods 

In this case, there is a difference between contractor and agency test results that is not 

attributed to differences in test methods. The presence of such differences can lead to material 

rejection, correction work, application of a disincentive, or denial of an incentive. In such a case, 

the following steps should be followed to achieve dispute resolution. 

Step 1: Conduct project-level investigation. If a statistical comparison between contractor 

and agency results show that the two are dissimilar, a review of the sampling procedure, testing 

procedure, testing equipment, and computation should be conducted. If problems are found, 

corrective action should be taken.  

Step 2: Third-party investigation. If project-level investigation does not identify the 

reason for the discrepancy, a more thorough investigation should be conducted by a third-party 

laboratory involving the following elements: 

 Study past/similar comparisons to identify trends; 

 Examine results of project-level investigation; 

 Examine results of independent assurance program; 

 Conduct testing on additional split samples; 
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 Conduct an engineering analysis to determine if contractor’s or agency’s results more 

accurately represent material property and recommend a decision (rejection, corrective 

work, disincentive, or incentive). 

2.5.3.4 Dispute Resolution for Non-Test Related Disputes 

These are disputes regarding issues that cannot be quantified or are labeled as inspection-

related disputes. Examples include items such as: segregation, workmanship, and manufactured 

product defects. For these kinds of disputes, a separate dispute resolution procedure should be 

developed and agreed upon by all parties. A dispute resolution may contain elements such as: 

 Delegate the dispute resolution to the lowest appropriate level of authority within a pre-

specified time-frame; 

 Attempt to quantify the dispute (i.e., area of segregation, severity, impact on 

performance) and conduct testing where possible; 

 If dispute is not resolved within specified time-frame, escalate the dispute to the next 

level of authority on the project team; 

 If dispute is not resolved, continue escalating the dispute till the highest level of authority 

where a final decision is arbitrated by a third party. 

 Document the dispute resolution for specific item. If similar disputes arise, use the report 

as a resource for the dispute resolution process. 

2.5.4 Case study of Dispute Resolution in the Highway Construction Industry 

The aim of this section is to present a real-life example of a dispute, the presentation of 

facts from both disputing parties, the findings that DRB made based on documents, 

specifications, and presentations, and the decision that the DRB made. This example was 

extracted from the Colorado DOT DRB database (CDOT DRB 2014).  
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2.5.4.1 Dispute Concerning Removal and Replacement of Asphalt Paving at Cherryvale Road 

in Colorado 

2.5.4.1.1 Background 

In November, 2011, Concrete Express, Inc. (contractor) was awarded a contract by 

Colorado DOT (CDOT) for $18M for the full reconstruction and widening (major railroad 

structures, MSE walls, caisson walls, drainage structures, HMA pavement, and concrete curb, 

gutter, and sidewalk) on state highway 7 from Cherryvale Road to 75th Street in Boulder, 

Colorado. A notice to proceed was issued in December, 2011. Brannan Sand and Gravel 

(subcontractor) performed HMA paving work.  

On August 11, 2012, the subcontractor placed the first two lifts of HMA. Tests showed 

that the VMA was more than 2 standard deviations outside the tolerance.  VMA was 10.9 while 

the target range was 12.4-14.8. This much deviation required the removal and replacement of the 

HMA.  

On September 11, 2012, CDOT issued the memo directing the removal and replacement 

of HMA. On May 30, 2013, the subcontractor submitted documents to dispute the direction to 

remove and replace HMA. On June 26, 2013, the CDOT project engineer denied the dispute 

based on merit. The subcontractor elevated the dispute to the resident engineer on June 27, 2013. 

On July 8, 2013, CDOT issued another memo directing the removal and replacement of HMA. 

After several meetings and additional testing, the subcontractor removed and replaced the HMA 

on August 3 and 4, 2013.  

On December 3, 2013, the subcontractor submitted a Request for Equitable Adjustment 

(REA). Since parties were unable to resolve the dispute, the resident engineer requested a 

hearing by the Standing DRB on February 18, 2014. 
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2.5.4.1.2 Subcontractor Statement Summary 

The subcontractor explained how the mix design depends on the densities of the 

aggregates. The mix design is submitted to CDOT who then issues allowable band width of the 

target values.  

Before August 11, 2012, the subcontractor noted possible mix problems and sent an 

email on August 9, 2012 to the inspector documenting the variation. 

In the case of HMA placed on August 11, 2012, the density of the coarse aggregate was 

changed. The subcontractor argued that the aggregate properties change over time and that such 

changes are not unexpected. CDOT Procedure 56 (CP 56) (Guidelines for Using Maximum 

Specific Gravity (Rice) of Project Produced HMA to Change the Target Specific Gravity for 

Compaction Compliance) states: “During the production of HMA, changes may occur in the 

maximum specific gravity of the mix.  This change may be detected, and target specific gravity 

corrected by measuring the maximum specific gravity of the project-produced material”.  

The subcontractor claims it initiated CP 56 procedure by its email dated August 9, 2012. 

On August 13, 2012, the subcontractor asked CDOT to test the aggregate sample it pulled from 

the belt (belt-cut sample) on August 11, 2012. There was no response from CDOT. The 

subcontractor was under pressure to complete the work within the two-week road closure 

window. On August 23, 2012 a meeting with CDOT was held to discuss the problem and testing 

was requested again. CDOT refused to release portion of the split sample so that the 

subcontractor can test the aggregate.  

The subcontractor claims that the calculations CDOT made on August 11, 2012 did not 

use the correct specific gravity which showed that VMA was so out of range.  
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At the August 23, 2012 meeting, CDOT proposed two durability tests – French Rut and 

Hamburg Wheel Tracker. The Subcontractor insisted that the best way to review the problem 

was to test the belt cut sample. Finally, after the HMA had been removed and replaced in August 

2013, CDOT released the belt cut sample which the Subcontractor had tested by a third party on 

August 9, 2013.  The test showed the ¾” aggregate got heavier and the fines matched earlier test 

results.  Accordingly, the test run on August 11, 2012 used the wrong specific gravity and the 

formula should have been rerun with the correct specific gravity. The third party report said that 

using the correct specific gravity would lead to a VMA of 11.7 which would not be more than 

two standard deviations out of the range.  

Between the traffic opening date in August 2012 and the time of removal and 

replacement in August 2013, the subcontractor said that heavy traffic drove on the HMA for a 

year and the HMA held up fine while the top lift still had to be placed.  The subcontractor said 

that they did their due diligence in investigating the problem but CDOT did not. Their 

investigation showed there was a specific gravity aggregate problem. In using the correct values 

for specific gravity, the HMA would have been shown to be okay and could have remained in 

place.  

2.5.4.1.3 CDOT Statement Summary 

The contractor had proposed the total closure of the intersection which was not per the 

original contract requirements but was approved by CDOT. At the meeting on August 23, 2012, 

CDOT gave informal direction to remove and replace the HMA because it was not within spec. 

At the meeting, CDOT agreed to do two tests, French Rut and Hamburg Wheel Tracker, and if 

both tests passed, the HMA could remain in place with a cost reduction. The two tests were run 

in late August 2012 with the French Rut Test passing and the Hamburg Wheel Tracker failing.  
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CP 56 allows the contractor or CDOT to initiate testing. The subcontractor did not initiate 

the request at the August 23, 2012 meeting.  The subcontractor claims it made the request in its 

August 9, 2012 email.  The email was ambiguous and there is nothing in the email referencing 

CP 56; therefore, CDOT did not initiate testing. If the subcontractor wanted the testing, it should 

have initiated the request.  Per Spec 106, process control is mandatory and the subcontractor 

failed.   

CDOT said the belt cut sample that was taken was used for moisture testing.  The 

subcontractor mix design shows the aggregates proportioning.  With the belt cut, CDOT does not 

know the aggregate proportioning.  RAP is also added to the aggregate on the belt.  CDOT 

cannot get the exact aggregate properties used on August 11, 2012.  

The subcontractor said the HMA was not terrible but it was still out of spec.  If CDOT 

allows the HMA to remain in place, CDOT has to live with it since there is no warranty.  If the 

lower two lifts fail, CDOT has to fix all the HMA.  The two additional tests CDOT performed 

were to test the longevity of the HMA but one test failed and CDOT had no confidence in 

leaving the HMA in place.  Regardless of the subcontractor’s reference to getting the road open 

to traffic, the HMA must meet the specs.  

2.5.4.1.4 Subcontractor Rebuttal 

Concerning CDOT’s comment that the Subcontractor’s August 9, 2012 email was 

ambiguous, the subcontractor’s intention was to get the CDOT Central Lab involved but that 

never happened. CDOT did all the testing and it was agreed by both parties that the Central Lab 

would be the Third Party Lab.  The CDOT field people were inexperienced.  Although CP 56 

was not referenced in the email, notice was given and it was given to key CDOT people.  CDOT 

never followed up. 



 

42 

The belt cut was taken by CDOT on August 11, 2012 and it represented what went into 

the mix that day.  The RAP would not put the VMA outside two standard deviations.  The belt 

cut sample would have shown the worst case even with RAP.  In several meetings, CDOT was 

asked for testing of the belt cut sample which would comply with the contract where the two 

additional tests CDOT performed do not.  Although CDOT said the belt cut sample was taken to 

measure moisture, it could have been used to test the aggregate.  The HMA was not perfect but it 

was in tolerance using the correct specific gravity.  CDOT acted in an arbitrary manner.  The 

CDOT Central Lab could have gotten involved as the subcontractor requested but did not. 

With three HMA test samples being out of spec, notice was given to the proper CDOT 

people that there was a Rice Value problem.  In production, specific gravity tests take two days.  

That is why they used the Rice Value to notice the proper people at CDOT. After the fact testing 

can be done which can measure samples back to production days or hours.  An in-place sample 

could have been taken and the materials extracted to perform tests.  There was the same asphalt 

to coat less material.  That is why the email notice was important. 

2.5.4.1.5 Findings 

1. Subcontractor discussed how the aggregate properties change over time and that such 

changes are not unexpected.  From the time the HMA mix design was submitted in 

March 2012 to August 2012 when the paving was done, the subcontractor had received 

312,137 tons of aggregate from the quarry.  It would be appropriate that Quality Control 

plan would address the changing properties of the aggregate and what the effects the 

changing properties could have on the HMA. 

2.  A review of the CDOT tests on early HMA placements shows the following for the 

Maximum Specific Gravity which was 2.491 +/- 0.01 at a %AC of 4.80 +/- 0.3.  In 
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addition, there were failures in aggregate gradation, void content, and VMA. Based on 

their knowledge of changing aggregate properties and the results shown in Table 9, it 

appears that the subcontractor should have sent CDOT notices long before the email of 

August 9, 2012. 

Table 9. CDOT Results for Maximum Specific Gravity and Asphalt Content. 

Acceptance/ 

Verification 

Sample 

Date Maximum 

Specific 

Gravity 

% AC 

Content 

Comment 

1 4/9/12 2.491 5.15 Outside the range for the measured % AC 

2 6/11/12 2.525 4.98 Outside the range for the measured % AC 

3 6/13/12 2.513 5.02 Outside the range for the measured % AC 

/Condition RED 

4 6/13/12 2.522 5.01 Outside the range for the measured % AC 

5 8/7/12 2.542 4.96 Outside the range for the measured % AC 

3. CP 56 states: “During the production of Hot Mix Asphalt, changes may occur in the 

maximum specific gravity of the mix. This change may be detected, and target specific 

gravity corrected, by measuring the maximum specific gravity (CP 51) of the project-

produced material”.  

CP 56 also states: “The tests for maximum specific gravity should be performed as early 

during production as possible. The best time to start is during the compaction test section. 

NOTE 2: If the maximum specific gravity is adjusted, it is possible that the aggregate 

specific gravity has changed. The Contractor or the Engineer (emphasis added) may 

request that the individual aggregates be re-sampled and retested to determine a new 

aggregate specific gravity (AASHTO T 84 & T 85). The re-sampled individual 

aggregates will be split and the Contractor will keep one split for testing while the other 

split will be immediately given to the Engineer (emphasis added) for possible testing. 

The new aggregate specific gravity will be entered on the new Form #43 and a new VMA 

target will be calculated. If the new VMA target does not meet the minimum 
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requirements specified in the Revision of 403, work shall be suspended and the 

Contractor shall complete and submit a new mix design meeting all of the requirements at 

no additional cost to the Department.” 

CP 56 is clear on what should be done when changes are being observed in the maximum 

specific gravity of the mix being produced.  The subcontractor could have made the 

request citing CP 56.  The subcontractor’s email of August 9, 2012 does not reference 

and makes no mention of maximum specific gravity or CP 56.  Although the 

subcontractor references Rice Values, CP 56 makes no mention of Rice Value. 

4. The test results for the HMA for June 13, 2012 show a Condition RED. There was 

nothing presented that shows that procedures were followed to diagnose and solve the 

problem. The spec places responsibilities on both the contractor and CDOT.  The spec 

states: “Production will remain suspended until the source of the problem is identified 

and corrected”. The subcontractor’s Quality Control Plan also calls out increased test 

frequency for Condition RED. With the earlier test problems and the Condition RED, it 

seems that neither the subcontractor nor CDOT were proactive in pursuing a resolution 

when there were obvious problems. 

5. There does not appear to be a good or substantiated reason why CDOT refused to provide 

the subcontractor with a split of the belt cut sample from August 11, 2012 or have the 

CDOT Central Lab test the aggregate.  This would have been a better indicator of the mix 

properties problem and could have led to a much earlier basis to review the VMA results. 

6. The spec states: “Process Control Testing.  The Contractor shall be responsible for 

process control testing on all elements listed in Table 106-1. …The Contractor shall 

develop a quality control plan (QCP)…”. 
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The subcontractor’s quality control plan states: “Quality Control testing is performed 

throughout the crushing process (emphasis added) utilizing CP-L 5120 (?). … Testing is 

done for…the effective specific gravity of each sample… Mix evaluation will be 

immediately followed up by corrective action if deemed necessary”. 

Had the Subcontractor followed its quality control plan, it appears the change in the 

specific gravity of the aggregate would have been known to the subcontractor and 

appropriate changes made to the mix design or its components. 

2.5.4.1.6 Recommendations 

1. The subcontractor’s request for full compensation for the removal and replacement of the 

HMA placed on August 11, 2012 is without merit and is therefore denied. 

2. In the future, CDOT should not unreasonably withhold material samples that could assist 

in resolving a dispute.  When testing continues to indicate problems, CDOT should 

become more proactive with more attention paid to procedures involving CP 56 and the 

inclusion of the CDOT Central Lab in the investigation and resolution of the problem 

while it is occurring. 

2.5.5 Legal Aspects of Performance Specifications 

A number of risks are inherent in the drafting and execution of performance 

specifications. Any such risks can eventually raise disputes. 

Drafting clear and enforceable performance standards is essential for successful 

performance contracting (Loulakis 2013). A common challenge is the use of aspirational words 

to convey performance standards, such as “conduct work in a manner that ensures minimal 
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interference with traffic”. This can be considered a subjective requirement, and so it’s unclear 

what the contractor should do to meet this requirement.  

Another major area of risk is related to defining testing methodology and testing 

frequency for the performance specification (Loulakis 2013). One approach is to define the 

acceptance testing parameters in the contract documents and leaving the quality management 

program as a post-award deliverable. This allows both parties to work together to develop the 

details of the quality management program. The risk is that the contractor might not commit to 

provide what the agency is requiring since these terms are not in the contract. On the other hand, 

requiring that the quality management program be included in the contract commits the 

contractor to provide and follow a defined program. However, the agency might not have enough 

time to thoroughly review and assess the proposed monitoring program in the limited timeframe 

of the procurement process.  

For performance specifications that have payment mechanisms involving incentives and 

disincentives, one important risk factor is associated with disincentives (Loulakis 2013). 

Disincentives are considered liquidated damages and have important legal connotations: “Legal 

opinions have upheld the use of liquidated damages provisions regardless of the label placed on 

them provided they are reasonable and based on a rational cost analysis. A legal opinion should 

be sought in each State when considering the application of price adjustment clauses because 

some States have had legal restrictions which did not allow such provisions in State construction 

contracts.” There are substantial caselaw in the construction industry with contractors contesting 

the liquidated damages arguing whether the damages are reasonable and rationally-based. 

As mentioned earlier in the paper, performance specifications seem to offer agencies or 

owners major advantages from a liability perspective. This is due to what’s called the Spearin 
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doctrine (Loulakis 2013). Under the Spearin doctrine, agencies that use prescriptive specification 

face liability to contracts if the specifications are erroneous. Agencies that use performance 

specifications, on the other hand, do not. Theoretically, this might be true; however, as evident 

by caselaw, it is difficult to determine if specifications are labeled as ‘prescriptive’ or 

‘performance’. There are also cases of composite specifications containing both prescriptive and 

performance elements and cases with performance specifications that cannot be achieved.  

The United States v. Spearin is generally considered the most important construction law 

case in the United States (Loulakis 2013). This case established the Spearin doctrine. The 

contract in the case called for the contractor to build a dry dock. The contract required the 

contractor to relocate a 6 ft sewer with plans, drawings, and specifications provided. The plans, 

however, were not up to date and failed to show accurate subsurface conditions. One year after 

completion of the project, heavy rainstorm caused the sewer to break, flooding the dry dock. This 

resulted in a lawsuit over who was responsible for the problem. The United States Supreme 

Court ruled in favor of the contractor, establishing in its wake the fundamental liability 

differences between owners and contractors for constructability risk.  

In the case Ruin-Colnon Corp. v. Niagara Frontier Transportation Authority, the 

contractor claimed extra costs for achieving ‘water-tightness’ of the tunnels it built. The owner 

argued that the specification requiring the constructed tunnels to be ‘watertight’ was a 

performance specification, and therefore the contractor’s additional costs in achieving the 

standard were not compensable. The water-tightness clause in the contract specified the end-

objective (watertight) and the standard for measuring compliance with the objectives without 

specific the methods of achieving the water-tightness. Although the watertight clause seemed at 

first to be a performance specification, the court ruled that it is in reality a prescriptive 
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specification. The reason for that is that the overall contract was prescriptive in nature, giving 

exact details on what materials and methods to use to build the tunnels, not giving latitude to the 

contractor to deviate from the specifications whether for the purpose of waterproofing or 

otherwise. The contract also specified the means by which the waterproofing is to be achieved 

without giving much details on how to do it.  

The Ruin-Colnon Corp. v. Niagara Frontier Transportation Authority case is evidence 

that it’s not easy to label specification as prescriptive and performance. Even specifications that 

explicitly say ‘this is a performance specification’ will not be dispositive on the issue. One 

approach courts use to label a specification is by considering how much discretion the 

specification gives the contractor to perform the work.  If the specification provides a road map, 

then it’s a prescriptive specification. If the specification gives the contractor latitude in meeting 

the end result, then it is generally considered a performance specification. The winners and losers 

in litigation over performance specifications issues are decided by the specific facts of the case to 

assess what the specification required and who should bear the responsibility.  

2.5.6 Summary 

There are three main forms of dispute resolution: mediation, arbitration, and litigation. 

Another form of creative alternative dispute resolution is what’s known as Dispute Resolution 

Board (DRB). The use of DRBs in the highway construction industry is increasing.  

A comparison between the DRB practices among four states highlights the versatility of 

DRBs. DRBs can be applied to projects of different size; DRBs can resorted to anytime during 

the project; and that the number of DRB members and member selection process can vary. The 

use of DRBs was shown to be effective in that it led to settlement in 90% of the DRB hearing 

sessions absolving of the need to further escalate the dispute.  The main causes of disputes are 
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unforeseen conditions, quantity variations, and plans and specifications, as reported by a study 

analyzing FDOT DRB database.  

In addition, an example of a simple dispute resolution guideline was reviewed. The 

guideline distinguishes between three cases faced in quality assurance programs: (1) disputes 

involving differing agency and contractor test methods, (2) disputes involving similar agency 

and contractor test methods, and (3) non-test related disputes. The guideline can be adopted and 

modified for incorporation in specifications.  

Furthermore, a real-world example of a dispute was extracted from the CDOT DRB 

database and presented. The example shows stages of development of the dispute from the 

presentation of facts from both disputing parties, the findings that DRB made based on 

documents, specifications, and presentations, and the decision that the DRB made.  

Lastly, a brief review of the legal aspects of performance specifications was provided. It 

was shown that the drafting of performance specifications come with inherent risks to both 

agencies and contractors. In addition, two examples of caselaw showed the complexities 

involved in litigating performance specification issues. The winners and losers in litigation are 

decided by the specific facts of the case with special consideration given to how much discretion 

the specification gives the contractor to perform the work. 

 LONG-TERM AGING METHODS 

The effects of oxidative aging have been studied historically through two approaches. 

The first involves the laboratory aging of asphalt binder, generally using standard binder aging 

methods such as the RTFO (AASHTO T 240) and PAV (AASHTO R 28), and measuring the 

aging index parameters that represent the factors that provide relative resistance to aging. This 

approach is useful for ranking the aging susceptibility of different binders and understanding the 
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aging mechanism, but it does not account for the confounding effects of mineral aggregate on the 

oxidation mechanism and does not directly quantify the effects of aging on the asphalt mixture’s 

performance (Domke et al. 2000, Jin et al. 2011).  

The second approach involves the laboratory aging of asphalt mixtures for different 

durations and characterizing their mechanical properties (Blankenship et al. 2010, Kim et al. 

2018). The standard asphalt mixture laboratory long-term aging procedure is specified in 

AASHTO R 30, which requires the aging of compacted specimens in oven at 85°C for five days. 

This procedure has been criticized for its inability to simulate aging at different climatic 

conditions and pavement depths (Harrigan 2007, Houston 2005, Newcomb et al. 2015). 

Recently, researchers have been working to develop improved methods that rely on aging loose 

asphalt mixtures instead of compacted specimens to reflect field aging more accurately 

(Blankenship et al. 2010, Kim et al. 2018). 

The NCHRP 09-54 project and extension developed a new long-term aging procedure 

that prescribes aging the asphalt mixture in a loose (uncompacted) state in oven at 95°C 

(Elwrdany 2017, Elwardany et al. 2017, Yousefi Rad et al. 2017, Kim et al. 2018, Braswell et al. 

2020, Kim et al. 2021) to overcome the deficiencies of AASHTO R 30. The duration of loose 

mixture aging varies with climate and pavement depth according to a climatic aging index (CAI) 

to reflect different field conditions. The CAI prescribes laboratory aging durations based on 

hourly pavement temperature data obtained from the Enhanced Integrated Climatic Model 

(EICM), as shown in Equation (1). In the CAI calculation, temperatures below 20°C are ignored. 
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where 

toven = laboratory loose mixture oven aging duration at 95°C (days),  

d  = the depth below the pavement surface (cm),  

Ti  = the hourly pavement temperature (degrees Kelvin), and  

C1, C2, and C3  = fitting parameters equal to 0.0437, -0.426, and -1601.167, respectively.  

 MODELING ASPHALT BINDER IN PAVEMENTS 

The accurate characterization of the in situ long-term aging (LTA) of asphalt pavement 

materials over the service life of the pavement is of utmost importance to the implementation of 

mechanistic-empirical pavement design and analysis methods. Modeling the extent of oxidative 

aging in a pavement requires ‘tracking’ the aging index property with respect to time, which is 

related directly to the oxidation level in the pavement. Asphalt binder is the asphalt mixture 

constituent that undergoes oxidative aging; hence, the oxidation of a pavement is best tracked 

using binder properties, because the mixture is subjected to other factors, including mechanical 

degradation that is caused by traffic loading, thermal-induced stress, and moisture, all of which 

could confound test results. 

2.7.1 Global Aging System (GAS) Model 

Current pavement performance prediction models have different levels of sophistication 

for simulating the increase in mixture moduli due to aging. The Pavement ME software 

incorporates the aging effect through the mixture’s modulus evolution using the Global Aging 

System (GAS) model (Applied Research Associates 2004). Table 10 illustrates Pavement ME’s 

mixture modulus framework with aging (Applied Research Associates 2004). The GAS model 

(Mirza and Witczak 1995) is an empirical model used to predict the binder viscosity (η) at any 

desired aging level and pavement depth given the original binder viscosity and the mean annual 
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air temperature (MAAT). If the original viscosity is available instead of the mix/lay-down 

viscosity, an empirical conversion can be done to obtain the latter. The GAS model also provides 

an optional air void adjustment factor developed based on a relatively small set of conditions. 

The adjustment factor is dependent on the air void content at the long-term aging level of 

interest, which is calculated given the initial air void content, MAAT, the original binder 

viscosity, and age. The GAS model does not directly account for differences in asphalt binder 

kinetics, making its applicability to new materials and emerging technologies questionable. 

The predicted changes in binder viscosity are translated to corresponding changes in the 

asphalt mixture’s dynamic modulus using the time-aging superposition concept. Time-aging 

superposition implies that asphalt mixture mastercurves corresponding to different aging levels 

coincide when they are shifted horizontally on the log frequency axis. The time-aging 

superposition concept originated in the polymers field (Bradshaw and Brinson 1997) and its 

applicability to asphalt mixtures has been verified by several researchers (Masad et al. 2008, 

Ling et al. 2017). In Pavement ME, predicted changes in binder viscosity with aging, obtained 

from the GAS model, are used to calculate the required shift along the log-time axis for modulus 

determination using the difference between the viscosity at the desired aging level and the 

reference short-term aging (STA) condition multiplied by a constant, c, as shown in Table 10, 

Step 3. The resultant reduced times are used within the asphalt mixture dynamic modulus 

sigmoidal model to calculate the corresponding asphalt mixture dynamic modulus values as a 

function of age. The parameter c is calibrated using the relationship between the binder viscosity 

temperature dependence and mixture time-temperature shift (tTS) factors, determined at the STA 

condition. Thus, the equation shown in Table 10 - Step 3 is applied for both time-temperature 

superposition and time-aging superposition. Also, the change in binder viscosity from the 
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reference-condition viscosity is a state variable that can be used to translate to changes in the 

mixture modulus, regardless of whether the source of the change is a temperature or an aging 

difference. 
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Table 10. Effect of Aging on Modulus Evolution in Pavement ME Using the Time-Aging 

Superposition Concept. 
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𝜂𝑡=0  = mix/lay-down viscosity, cP. 

𝜂𝑜𝑟𝑖𝑔 = original viscosity, cP.  

𝑐𝑜𝑑𝑒 = hardening ratio (0 for average). 

2. Viscosity Prediction at Long-Term Aging and with Depth 
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𝜂𝑎𝑔𝑒𝑑            = aged viscosity, cP.  

𝐴,  𝐵,  𝑎𝑛𝑑 𝐸 = parameters as a function of  

𝜂𝑡=0, MAAT, and test temperature (°R). 

MAAT         = mean annual air temperature, 

°F. 

𝑡                   = time, months.  

𝑧                   = depth, in.  

𝜂𝑡,𝑧               = aged viscosity at time t and 

depth z, MPoise. 

𝜂𝑡                 = aged surface viscosity, MPoise. 
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3. Calculation of the Reduced Time at Short-Term Aging 

where Change of Viscosity can be Due to Temperature or Age Difference 

,log( ) log( ) (log( ) log( ))
rr t z Tt t c      𝑡𝑟   = time of loading at STA and a reference 

temperature 𝑇𝑟. 

𝑡     = time of loading at any temperature or 

aging level. 

𝜂𝑇𝑟 = viscosity at STA and a reference 

temperature 𝑇𝑟. 

c     = parameter determined by nonlinear 

optimization with sigmoidal parameters at 

STA.  

4. Calculation of Mixture Modulus at the Reduced Time 
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|𝐸∗|              = dynamic modulus, psi. 

𝛿,  𝛼,  𝛽,  𝛾    = parameters describing the 

shape of the mastercurve determined by 

nonlinear optimization at STA. 

 

2.7.2 Transport Model 

Another aging model that is more fundamentals-based, combining asphalt oxidation 

kinetics and diffusion was developed at Texas A&M University. This model is referred to as the 
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Transport model (Lunsford 1994). Lunsford’s foundational work on the transport model (1994) 

combines a mathematical model of asphalt oxygen diffusion and oxidation reaction kinetics. 

Prapaitrakul et al. (2009) expanded on the work of Lunsford (1994) to overcome these 

deficiencies. The Prapaitrakul et al. diffusion model is based on three interlinked processes: 1) 

the diffusion of oxygen into the asphalt binder mastic in the pavement, 2) heat transfer into the 

pavement that results in temperature variations with depth and time, and 3) asphalt binder 

oxidation kinetics. Modeling these processes was facilitated by quantifying the air void 

distribution in the mixture, which dictates the availability of oxygen for the binder (Prapaitrakul 

et al. 2009). Han (2011) built upon the work of Prapaitrakul by modeling diffusion as two 

interlinked steps: 1) the diffusion/flow of oxygen from the atmosphere above the pavement into 

the interconnected air voids in the pavement (termed vertical transport) and 2) the diffusion of 

oxygen from the air voids to the adjoining asphalt-aggregate matrix (termed horizontal transport) 

where it reacts with the asphalt binder. These steps are modeled mathematically to calculate the 

oxidation rate for a finite asphalt-aggregate matrix layer for each air void. This step would then 

need to be repeated multiple times for the different air void geometries. The bulk oxidation rate 

for a pavement layer then is calculated as the average of the oxidation rates calculated for each 

air void. The most recent literature corresponding to the Texas A&M transport model 

development suggests that the effects of vertical diffusion can be neglected. Han (2011) found 

that oxygen freely percolates through connected air voids within asphalt mixtures. Therefore, Jin 

et al. (2013) proposed that vertical diffusion can be neglected in pavement aging predictions. The 

research suggests, though, that the rate of oxygen diffusion through the binder within a pavement 

is dependent on the accessible air void content.  
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Many of the required inputs for the Transport sub-models are not standard test methods. 

For instance, X-ray computed tomography (CT) is needed to measure sophisticated air void 

structure properties, such as the air void radius and its frequency of existence within the 

pavement (Han 2011, Jin et al. 2013). Furthermore, the x-ray CT analysis results must be 

coupled with a binder-specific kinetics model that includes pressure dependency to predict 

diffusion-dependent pavement aging (Jin et al. 2013). The measurement of the pressure 

dependence of oxidation kinetics is rarely carried out in practice because it requires the 

measurement of oxidation levels from thin film aging experiments conducted at multiple 

pressures. FTIR spectrometry is needed extensively to obtain binder-specific kinetics parameters 

as inputs for the oxidation kinetics sub-model. Furthermore, Jin et al. (2013) demonstrated that 

site-specific field calibration factors must be applied to the results of the transport model to 

achieve accurate aging predictions. The field calibration factors scale the predicted oxidation 

level. The reported field calibration factor values ranged from 1.2 to 10, indicating that despite 

the strong theoretical basis for the transport model, predictions can be highly erroneous without 

site-specific field calibration. The Transport model is still work-in-progress and hasn’t been 

integrated with any pavement performance prediction software. 

2.7.3 NCHRP 09-54 Kinetics Model 

The recent NCHRP 09-54 project established a model based on rigorous oxidation 

kinetics to model the kinetics of asphalt binders within asphalt mixtures. This kinetics model 

(shown in Equation (2), (3), and (4))  was adapted from the model proposed earlier by Glaser et 

al. (2013) and relies on the rheological parameter log |G*| instead of the C+S absorbance peaks. 

The model can be used to predict the change in log |G*| due to aging at 64°C and 10 rad/s as a 

function of hourly pavement temperature history data and depth below the pavement surface 
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(Yousefi Rad et al. 2017, Elwardany et al. 2017, Kim et al. 2018, Elwardany et al. 2018, Kim et 

al. 2021). The oxidation of an asphalt binder within asphalt mixture was proven to be kinetics-

controlled with the binder film thickness being thin enough to allow oxygen to diffuse through 

the film faster than the rate of the reaction itself (Elwardany et al. 2018). This model considers 

individual binder kinetics through two primary material input – the log |G*| at STA and the 

parameter M, which represents the aging susceptibility of the binder. 
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where 

|G*|kinetics = long-term aged binder shear modulus at 64°C and 10 rad/s (kPa),  

|G*|0 = short-term aged binder shear modulus at 64°C and 10 rad/s (kPa),  

kf = rate of fast reaction, 

kc = rate of constant reaction,  

Af  = fast reaction frequency factor considered a regression parameter equal to 1.25×103, 

Ac = constant reaction frequency factor considered a regression parameter equal to 

3.68×107, 

Eaf = fast reaction activation energy considered a regression parameter equal to 95.04,  

Eac = constant reaction activation energy considered a regression parameter equal to 

62.21,  
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R = universal gas constant or ideal gas constant equal to 0.008314 (kJ/mol K),  

T = pavement temperature (Kelvin),  

t = reaction time (days), and 

M = fitting parameter related to fast reaction reactive material.  

As part of the development of this model, a systematic study of mixture morphology was 

analyzed to calibrate an adjustment to the kinetics model predictions as a function of the 

deviation from the Superpave optimum asphalt content. An adjustment for air void content was 

not established because air void content was found to have an insignificant effect on field aging 

(Braswell et al. 2020).  The corresponding adjustment with respect to asphalt content is given in 

Equation (5).  

,log | * | log | * | (1 0.149 % )field adj devG G AC     (5) 

where 

%ACdev = the asphalt content of interest minus the Superpave optimum asphalt content (%).  

This model is considered an improvement from the GAS and Transport models. Unlike 

the GAS model, this kinetics model considers the binder aging susceptibility and is based on 

rigorous oxidation kinetics. Unlike the Transport Model, this kinetics model features input 

parameters that can be more easily measured using commonly available testing equipment. 

However, this model is yet to be field calibrated and validated. With the addition of the effects of 

mixture morphology, calibration, and validation, the kinetics model can be considered a PAM, 

which can be used to predict the changes in asphalt mixture properties with aging for 

incorporation in pavement performance prediction software.  
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2.7.4 Other Modeling Approaches 

Other researchers have investigated different methods of predicting the evolution of 

material properties with aging. Researchers at Texas A&M defined aging shift functions to 

quantify the level of aging of a mixture with respect to a reference aging level (Ling et al. 2017). 

These functions were characterized by horizontally and vertically shifting and rotating |E*| 

mastercurves at certain age levels to a mastercurve at a reference age level. They were also able 

to develop a shift function to quantify the level of aging with depth in the pavement by shifting 

mastercurves at certain depths (determined by testing field cores at different depths) to a 

mastercurve at a reference depth. The use of this methodology to predict |E*| at any age level and 

depth requires testing mixtures and field cores at different age levels to characterize the shift 

functions. Others have also verified that shifting of dynamic modulus master curves at different 

aging levels to a reference age level is possible (Masad et al. 2008); this method has been 

referred to as time-temperature-age superposition or time-aging shift in the literature and was 

originally used to study the physical aging of polymers (Bradshaw and Brinson 1997).  

Other approaches that were attempted to predict the evolution of material properties with 

aging include relating the coefficients of a functional form of a material property to an aging 

time or a certain aging index. Alavi et al. studied the effect of aging on the mixture relaxation 

spectrum as characterized using the 2S2P1D model for complex modulus (Alavi et al. 2013). 

They were then able to find relationships between the coefficients of the 2S2P1D model for the 

asphalt mixture and the difference in carbonyl area of the recovered binders. Baek et al. related 

the coefficients involved in characterizing the modulus using the sigmoidal function to the aging 

time such that these relationships can be applied universally to other mixtures (Baek et al. 2012). 

Yousefi Rad related the rate of change in the coefficients of the model parameters for the 
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dynamic modulus mastercurve and the S-VECD damage characteristic curve and failure criterion 

to the laboratory aging duration (Yousefi Rad 2018). Although this method offered a means to 

predict the various model coefficients in terms of the laboratory aging duration, it was not useful 

in predicting the mixture long-term aging properties for in-service conditions. The mixture 

properties need to be characterized in terms of laboratory aging duration, which can be converted 

to field aging durations, but this method would provide only snapshots of the material properties 

with time instead of a continuous spectrum. 

 THE SIGNIFICANCE OF INVESTIGATING THE OXIDATIVE AGING 

MECHANISMS AND EFFECTS ON RAP-CONTAINING MIXTURES 

Research efforts have long been directed towards understanding the physiochemical 

consequences of asphalt oxidation chemistry, kinetics, and mechanisms and their influence on 

asphalt durability. The stiffening effect resulting from oxidative aging is chiefly attributed to the 

change in chemical composition due to the increased molecular interactions introduced by the 

oxidation products. The study of asphalt composition is based on the separation and 

characterization of the reactivity and/or polarity of different molecular types (Petersen 2009). 

The susceptibility of the asphalt binder to aging is highly dependent on its chemical composition, 

which, by extension, means that the fundamental properties and performance of asphalt concrete 

and asphalt pavement are a function of the chemical composition of the binder. The effect of 

oxidation on the molecular interactions and physical properties of the binder, on one hand, and 

the oxidation mechanisms and kinetics, on the other hand, have been well studied in literature for 

neat binder. Similar in-depth studies attempting to deconvolve the effects of oxidation 

mechanisms, kinetics, and chemistry on the physicochemical understanding of mixtures 

containing RAP are generally lacking. Such studies can prove to be beneficial in selecting 

rejuvenator type and dosage as the RAP content and composition vary. 



 

61 

Multiple levels of complexity manifest when RAP is involved. The first originates from 

the need to study asphalt mixture oxidation to account for the confounding effects of mineral 

aggregate on oxidation kinetics. It has been proposed that for virgin mixtures, the reactive polar 

functional groups of the asphalt are adsorbed onto the catalytically active sites of the aggregate 

surface, thus inhibiting the rate of oxidation and decreasing the asphalt sensitivity to any change 

to its composition due to the formation of oxidation products. The introduction of RAP into the 

mix brings along more complex physiochemical interactions between RAP and virgin binder, 

aggregate and RAP binder, aggregate and virgin binder, and finally all three components. The 

oxidation chemistry, kinetics, and mechanism of all these interactions should then be rigorously 

studied. 

For virgin binder, previous research has shown that the stiffening effect of aging could be 

more a function of asphalt fractions compatibility as oxidation products are generated rather than 

the actual quantity of oxidation products formed (Petersen 2009). That is, a binder that is 

chemically reactive could be less susceptible to age hardening if its asphaltene and maltene 

fractions are compatible compared to a less reactive but less compatible binder. Abundant 

evidence of oxidative aging is shown in literature through relationships between component 

ratios and physical property changes. Such relationships have been crucial in advancing the 

chemical and physiochemical understanding of oxidative aging; however, the reliance of these 

relationship on solely the weight percent of these generic fractions could be a drawback, in the 

sense that they neglect the differences in composition and solubility of the same generic fractions 

among different asphalt sources. Similarly, previous research investigating the RAP and virgin 

binder interaction did not thoroughly focus on understanding the basic chemical and 

physiochemical aspects of their blending knowing that more oxygen-containing functional 
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groups are infused with the addition of RAP. Studying the oxidation kinetics of this unique 

asphalt composition where oxidation products are heavily present at the time of mixing could 

give valuable insights on the rate of change of the physical properties of asphalt, which, in turn, 

are useful in making predictions about the useful life of in service pavements.  

Historically, simulation of oxidative aging in a laboratory environment of either asphalt 

binder or mix involves single-point determination of aging indices for a certain aging duration 

and generally at temperatures well exceeding the actual temperatures of the pavement under real 

environmental conditions (Petersen and Glaser 2011). A single-point determination does not 

allow predicting kinetic data at other points on the time-temperature scale, and hence, the study 

of oxidation kinetics should involve collecting data as a function of time and temperature for 

future long-term performance prediction. In literature, it has been shown that increased 

temperatures can cause disruption of the internal molecular microstructure mobilizing the 

potentially reactive species and thus inducing a physiochemical effect of increased chemical 

reactivity with oxygen. Simulating the oxidation of a mixture containing RAP in the lab has the 

additional confounding effect of the degree of blending. It is well known that upon mixing, the 

virgin and RAP binders are not fully blended; however, the degree of blending or diffusivity of 

one binder into the other is expected to increase as temperature and aging duration increase. It is, 

therefore, essential to study the oxidation kinetics at varying durations and temperatures, which 

might inform a laboratory aging protocol that allows simulating more accurately the field 

oxidation mechanism of mixtures containing various sources (chemical compositions) and 

contents of RAP at different environmental conditions.   

Understanding the physiochemical consequences of oxidation chemistry, kinetics, and 

mechanisms of mixtures containing RAP would require investigating various sources of virgin 
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and RAP binders of highly differing chemical compositions. Various sources of virgin and RAP 

aggregates should also be considered as the study evolves into studying oxidation mechanism 

and kinetics at the mixture level. Using these materials, a thorough experimental matrix can be 

developed such that the chemical and physiochemical aspects of oxidation can be fully 

understood as the materials, proportions, temperature, aging duration, and other factors vary. 

Developing a laboratory aging protocol to simulate field oxidation at certain climatic conditions 

requires obtaining plant-produced mixtures and extracting cores from long-term aged pavements 

at various durations and climatic conditions to compare lab simulated aging mechanisms against 

those found in the field.  

Obtaining the necessary information on the chemical fractions and functional groups 

requires conducting fractional analysis and using more analytical techniques. This can be done 

by using thin-layer chromatography/flame ionization detection (TLC/FID) to obtain the fractions 

of the binder, Fourier-transform infrared spectroscopy (FTIR) to obtain information on the 

chemical functional groups, gel permeation chromatography (GPC) to obtain the molecular 

weight distribution, and atomic force microscopy (AFM) to study the topography and obtain 

micromechanical properties. Testing the binder after aging the mixture requires conducting 

extraction and recovery, and in studies involving RAP, staged extraction has generally been 

adopted to allow stripping the binder and measuring its properties in layers. A major concern in 

any extraction process is the influence of the chemical solvent on the properties of extracted and 

recovered asphalt binders. Therefore, a preliminary study has to be conducted to develop an 

extraction and recovery protocol that retains the chemistry and avoids preferential dissolution of 

asphalt fractions. 
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 SUMMARY 

Since the development and implementation of the GAS model in Pavement ME, 

researchers have been attempting to enhance the predictive capability of pavement aging models 

and/or the approach to predict the corresponding mixture properties (Prapaitrakul et al. 2009, 

Han 2011, Baek et al. 2012, Alavi et al. 2013, Jin et al. 2013, Ling et al. 2017, Yousefi Rad 

2018). However, none of these approaches tackled predicting the evolution of asphalt fatigue 

properties with aging although it is widely known that aging causes an embrittlement of asphalt 

and an increase in cracking susceptibility. Any one of these approaches is yet to replace the 

current state-of-practice GAS model and its implementation in Pavement ME. Therefore, there is 

a need to develop a framework to predict not only the linear viscoelastic properties but also the 

fatigue properties due to the effects of oxidative aging for incorporation in pavement 

performance prediction models.  

In addition, the need to shift away from prescriptive specifications towards performance 

specifications is clear. However, one of the most critical challenges that hinders the 

implementation of performance-related specifications is the lack of guidance on how to assemble 

different components (test methods, equipment, hardware, models, and software) in a statistically 

sound QA system in a PRS framework. The current state-of-the-art pavement performance 

prediction can be done through robust mechanistically-based cracking and rutting models in the 

PASSFlexTM software and its suite of tools. Therefore, there is also a need to integrate the 

performance predictive capabilities of the PASSFlexTM software and its suite of tools within a 

statistically sound QA system to ensure long-term asphalt pavement performance and reduce life 

cycle costs. 
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CHAPTER 3. REFINEMENT OF THE PAVEMENT AGING MODEL 

 RESEARCH APPROACH 

A refined PAM was established in this study by calibrating the kinetics model predictions 

of field aging using Equation (2) as a function of depth for a wide range of pavement sections, 

including both conventional HMA and modern materials (i.e., RAP, WMA, and PMA). Field 

aging levels were measured at different depths from binder extracted and recovered from in-

service field cores. In addition, the component materials were used to prepare either loose 

mixtures that were aged in an oven at 95°C for a prolonged duration or Universal Simple Aging 

Test (USAT) binder plates that also were long-term aged at 95°C. For either the loose mixture 

aging procedure or USAT, samples were removed periodically from the oven and the binder 

AIPs were measured and used to derive the oxidation kinetics model parameters. Pavement 

hourly temperatures as a function of depth were used along with the kinetics model to predict 

field aging levels as a function of pavement depth. The predicted aging levels were compared 

against field aging that was measured from the field cores in order to calibrate the PAM at 

different depths. Figure 4 summarizes the experimental plan to conduct this task. The PAM 

predictions were then compared against the GAS model.  
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Figure 4. Experimental plan to calibrate pavement aging model against field data. 

 MATERIALS AND FIELD PROJECTS 

The test sections used to calibrate the oxidation kinetics model cover a wide range of 

pavement design, climatic conditions, ages, binder and aggregate characteristics, air void 

contents, asphalt contents, and gradations. The recalibration of the PAM builds upon the work 

completed under the original NCHRP 09-54 project by incorporating WMA, RAP, and PMA 

sections along with the field core replicates from projects previously included in the initial 

calibration. Table 11 presents detailed information regarding the test sections that were selected 

to calibrate and validate the PAM. The purpose of the validation sections is to have some 

confidence of the predictive capability of the PAM for sections that were not used in its 

calibration. It is important to note that the measurements from field cores exhibit a large 
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Material-Specific Kinetics Parameters
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Compare
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variability. It is understandable that such variability exists, though, especially at the surface of 

the pavement, which is affected by ultraviolet oxidation and other surface wear mechanisms. 

Some sections were found to have log |G*| values at short-term aging that were approximately 

equal to or greater than the log |G*| values measured from field cores. These sections, thus, were 

not used in the calibration process or in making the decision whether the model is validated, but 

were simply used to check if the model is capable of making reasonable long-term aging 

predictions despite potential laboratory short-term aging problems; these sections are designated 

with ‘STA Problem’ in Table 12. Note that all the mixtures that contain RAP had the STA 

problem. Therefore, these RAP sections were not used for the calibration but were instead used 

for the verification of the calibrated PAM.
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Table 11. General Material Information of the Test Sections. 

Project ID Location Age of Field Cores Section (Section ID) Binder Grade 

FHWA-ALF Virginia 

8, 11 years Control-2002-Lane 1 (ACTRL) PG 70-22 

8 years 
SBS-LG-2002-Lane 4 (ASBS) PG 70-28 

CR-TB-2002-Lane 5 (ACRTB) PG 76-28 

8, 11 years Terpolymer-2002-Lane 6 (ATerp) PG 70-28 

MIT Manitoba, Canada 4 years 

Control (MWC) 

Pen 150/200 

Advera-PTH 14 (MWA) 

Evotherm-PTH 14 (MWE) 

15% RAP-PTH 8 (M15R) 

50% RAP-PTH 8 (M50R) 

NCAT Alabama 4 years 

Control-S9 (NWC) PG 76-22 

50% RAP-N10 (N50R) PG 67-22 

Evotherm-S11 (NWE) PG 76-22 

50% RAP w/ foam-N11 (N50RF) PG 67-22 

Foam-S10 (NWF) PG 76-22 

LTPP 

Ohio 11 years SPS-1 ID: 39-0111 (LOH) AC-20 

California 8, 15 years SPS-8 ID: 06-A805 (LCA) AR-40 

New Mexico 10, 18 years SPS-8 ID: 35-0801 (LNM) AC-20 

Texas 11, 18 years SPS-8 ID: 48-0802 (LTX) AC-20 

Washington 11, 19 years SPS-8 ID: 53-0801 (LWA) AC-20 

Wisconsin 8, 17 years SPS-8 ID: 55-0806 (LWI) - 

South Dakota 14 years SPS-8 ID: 46-0804 (LSD) Pen 120/150 

WesTrack Nevada 

4, 19 years 

(S4) Fine, Opt. ac%, L AV% (WTFOL) 

PG 64-22 

(S2) Fine, Low ac%, M AV% (WTFLM) 

(S1) Fine, Opt. ac%, M AV% (WTFOM) 

(S14) Fine, High ac%, M AV% (WTFHM) 

(S17) Fine, Opt. ac%, H AV% (WTFOH) 

(S18) Fine, High ac%, L AV% (WTFHL) 

(S3) Fine, Low ac%, H AV% (WTFLH) 

17 years 
(S39) Coarse, Opt. ac%, L AV% (WTCOL) 

PG 64-22 
(S36) Coarse, Opt. ac%, HAV% (WTCOH) 

MnROAD Minnesota 13 years S31 (MNS31) PG 64-34 

Note: SBS-LG = linear grafted styrene-butadiene-styrene, CR-TB = terminal blend crumb rubber, SPS = specific pavement study, ac% = asphalt content, AV% = air void content 
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Table 12. Selected Test Sections for Calibration and Validation of Pavement Aging Model. 

Project ID Section (Section ID) Binder Grade WMA 
Modified 

Binder 

Contains 

RAP 
Use 

FHWA-ALF 

Control-2002-Lane 1 (ACTRL) PG 70-22    Calibration 

SBS-LG-2002-Lane 4 (ASBS) PG 70-28    Calibration 

CR-TB-2002-Lane 5 (ACRTB) PG 76-28    Calibration 

Terpolymer-2002-Lane 6 (ATerp) PG 70-28    Validation 

MIT 

Control (MWC) 

Pen 150/200 

   Validation 

Advera-PTH 14 (MWA)    STA Problem 

Evotherm-PTH 14 (MWE)    STA Problem 

15% RAP-PTH 8 (M15R)    STA Problem 

50% RAP-PTH 8 (M50R)    STA Problem 

NCAT 

Control-S9 (NWC) PG 76-22    Calibration 

50% RAP-N10 (N50R) PG 67-22    STA Problem 

Evotherm-S11 (NWE) PG 76-22    Validation 

50% RAP w/ foam-N11 (N50RF) PG 67-22    STA Problem 

Foam-S10 (NWF) PG 76-22    Calibration 

LTPP 

SPS-1 ID: 39-0111 (LOH) AC-20    Validation 

SPS-8 ID: 06-A805 (LCA) AR-40    Validation 

SPS-8 ID: 35-0801 (LNM) AC-20    Calibration 

SPS-8 ID: 48-0802 (LTX) AC-20    Calibration 

SPS-8 ID: 53-0801 (LWA) AC-20    Validation 

SPS-8 ID: 55-0806 (LWI) -    Calibration 

SPS-8 ID: 46-0804 (LSD) Pen 120/150    Calibration 

WesTrack 

(S4) Fine, Opt. ac%, L AV% (WTFOL) 

PG 64-22 

   Calibration 

(S2) Fine, Low ac%, M AV% (WTFLM)    Calibration 

(S1) Fine, Opt. ac%, M AV% (WTFOM)    Calibration 

(S14) Fine, High ac%, M AV% (WTFHM)    Calibration 

(S17) Fine, Opt. ac%, H AV% (WTFOH)    Calibration 

(S18) Fine, High ac%, L AV% (WTFHL)    Calibration 

(S3) Fine, Low ac%, H AV% (WTFLH)    Calibration 

(S39) Coarse, Opt. ac%, L AV% (WTCOL) 
PG 64-22 

   Calibration 

(S36) Coarse, Opt. ac%, HAV% (WTCOH)    Calibration 

MnROAD S31 (MNS31) PG 64-34    Validation 
Note: SBS-LG = linear grafted styrene-butadiene-styrene, CR-TB = terminal blend crumb rubber, SPS = specific pavement study, ac% = asphalt content, AV% = air void content 
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 SAMPLE PREPARATION METHODS 

3.3.1 Asphalt Mixture Aging 

All the asphalt mixtures aged in the laboratory were prepared using the component 

aggregate and binder that were used to construct the pavements from which the field cores were 

obtained. The mixtures were subjected to short-term aging at 135°C for four hours in accordance 

with AASHTO R 30 prior to long-term aging. The long-term oven aging of the loose mixtures 

was accomplished by separating the mix into several pans such that each pan had a relatively thin 

layer of loose mix that was approximately equal to the nominal maximum aggregate size 

(NMAS) of the aged mix. The pans of loose mixture were conditioned in an oven at 95°C and 

systematically rotated to minimize any effects of an oven temperature gradient and/or draft on 

the degree of aging. After long-term aging, the materials were taken out of the oven and mixed to 

obtain a uniform mixture. 

3.3.2 Field Core Preparation 

Full-depth cores were acquired from in-service pavements and from the Federal Highway 

Administration’s (FHWA’s) Materials Reference Library. The field cores were wrapped with 

plastic wrap and placed in a temperature-controlled room to minimize further aging during 

storage. Following storage, the upper 50 mm of each field core was sliced to create four 12.5-

mm thick discs. The remainder of each field core was cut into 25-mm thick discs. Special care 

was taken to avoid the tack coat and prime coat layers when slicing the field cores. The upper 

four discs were subjected to binder extraction and recovery and the recovered binder was 

subsequently subjected to rheological testing. Testing only the upper four discs was found to be 

sufficient to determine the aging gradient at the top of the pavement. While the deeper sections 
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of the pavement still undergo long-term aging compared to the STA condition, an aging gradient 

is not as appreciable as that observed closer to the surface of the pavement.  

3.3.3 Micro-Extraction and Recovery 

Micro-extraction and recovery of the asphalt binder from the asphalt mixtures and field 

cores were undertaken following the procedure proposed by Farrar et al. (2015). This procedure 

uses a solvent mixture of toluene and ethanol (85:15). The mixture sample size is limited to 200 

g to produce approximately 10 g of asphalt binder per extraction, which is adequate for both 

ATR-FTIR spectrometry testing and DSR testing. To prevent further aging of the binder, the 

distillation flask was subjected to vacuum pressure of 80.0 ± 0.7 kPa (600 ± 5 mm Hg) under 

nitrogen gas during the recovery procedure. The recovered samples were then placed in a 

degassing oven and heated to 130°C for 60 minutes under nitrogen to remove any remaining 

traces of the solvent. In this study, ATR-FTIR spectrometry testing was conducted following 

extraction and recovery to ensure that no detectable solvent was present prior to DSR testing. 

3.3.4 Universal Simple Aging Test (USAT) 

The USAT, developed by Farrar et al. (2014) at the Western Research Institute, was 

employed in this study to derive the oxidation kinetics of asphalt binders as part of the aging 

model development. In the USAT, binder is placed in grooved plates to achieve a film thickness 

of 300 micrometers. In this study, the USAT plates were placed in an oven at 135°C for four 

hours to simulate the short-term aging of the loose mixtures. After this binder short-term aging 

process, the USAT plates were placed in an oven at 95°C to simulate long-term aging. The aging 

kinetics obtained through USAT were converted to loose-mixture aging kinetics using the 

method developed in the original NCHRP 09-54 project under NHCRP Report 871 (Kim et al. 

2018). The study on the use of USAT aging was conducted as part of the investigation aimed to 
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eliminate the need for loose mixture aging in the use of the models developed in this project. The 

aging kinetics obtained through USAT aging were only used for the validation of model 

predictions.  

3.3.5 Determination of Rheological Aging Index Properties 

Frequency sweep tests of the extracted and recovered binders were conducted using an 

Anton Paar modular compact rheometer (MCR) 302 at frequencies ranging from 0.1 Hz to 30 Hz 

at 64°C using the 8-mm or 25-mm parallel plate geometry. A strain amplitude of 1 percent was 

applied at all frequencies. The log |G*| at 64°C and 10 rad/s was used as the rheological AIP for 

all analyses. 

3.3.6 Determination of Project-Specific Hourly Pavement Temperature Histories 

The MERRA-2 hourly climatic data stations with coordinates and elevations closest to 

each project location were identified and used to obtain the most accurate weather information 

available. After the appropriate stations were chosen, 37 years of available weather data (1980 

through 2017) were input and analyzed in the EICM to obtain hourly pavement temperature 

histories as a function of pavement depth. The sub-layering and nodal structure specified in the 

MEPDG were adopted for all EICM analyses (Applied Research Associates 2004).  

3.3.7 Prediction of Aging Index Properties for Variable Temperature History Using the 

Kinetics Model 

The kinetics model can directly predict log |G*| for any isothermal temperature for any 

duration. The calculations become more cumbersome when a non-isothermal temperature history 

is inputted into the model. An algorithm was developed to conduct these calculations for an 

hourly pavement temperature history. At each time-step, a reduced time is calculated for the 

given temperature, which is used to determine the difference in log |G*| for that time-step and 

temperature. The difference in log |G*| is then added to the log |G*| from the previous time-step. 
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This calculation is done incrementally where log |G*| acts as a state variable allowing the 

‘jumps’ between different kinetics curves corresponding to different temperatures. Figure 5 is an 

illustration of this calculation. T1 is the kinetics curve for the first temperature, and T2 is the 

kinetics curve for the second temperature, such that T1 > T2. For a temperature history of T1-T2-

T1, log |G*| is calculated first based on the kinetics curve of T1. The difference in log |G*| is 

then calculated based on the kinetics curve of T2 for that time-step and incremented to log |G*| 

of the previous time-step. Finally, the kinetics curve of T1 is used again to calculate the 

difference in log |G*| for that time-step and incremented to the log |G*| of the previous time-step.  

 

Figure 5. Illustration of algorithm to calculate log |G*| using the kinetics model. 

 FINDINGS AND APPLICATIONS 

3.4.1 Field Calibration of the Oxidation Kinetics Model 

The analyses of the effects of asphalt mixture morphology on aging of the WesTrack and 

Brazil field cores provided insufficient insight to develop a rigorous diffusion model (Braswell et 

al. 2020). In addition, rigorous diffusion models require detailed asphalt mixture information that 

is not typically available. For example, the Transport Model developed at Texas A&M 

University includes a fundamental diffusion model (Lunsford 1994, Prapaitrakul 2009, Han 
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2011, and Jin et al. 2013). However, the Transport Model requires X-ray computed tomography 

to quantify the accessible air void content of a given asphalt mixture and requires that the partial 

pressure dependence of oxidation kinetics is quantified or assumed (Jin et al. 2013). Even with 

this detailed information, the Transport Model still requires field project-specific calibration of 

the diffusivity (Jin et al. 2013), further limiting the practicality of implementation within ME 

pavement analysis frameworks. Therefore, in lieu of a diffusion model, depth-dependent field 

calibration of the kinetics model was carried out using all projects designated as calibration 

section in Table 11; all of these asphalt mixtures were prepared at the optimum asphalt content. 

Equation (2) was applied to predict the log |G*| at 64°C and 10 rad/s in the field using hourly 

pavement temperature history data at different depths. The hourly pavement temperature history 

was obtained from EICM analysis of MERRA-2 weather files. The kinetics model-predicted log 

|G*| values were compared to those of binders extracted and recovered from field cores at 

different depths following a data smoothing process to remove spurious trends. The relationship 

between the kinetics model predictions and smoothed field core measurements was used to 

develop the depth-dependent field calibration function.  

3.4.1.1 Field Core Data Quality and Smoothing 

A rational function was fitted to represent the relationship between the measured log |G*| 

values versus depth for each section (listed in Table 11) prior to field calibration to account for 

the inherent variability in the field core results as a function of depth. The data smoothing 

ensured reasonable trends with depth for each section prior to the field calibration. Looking at 

each individual data set, outliers were identified that clearly did not follow the expected data 

trend and thus were removed from the data smoothing process to improve the quality and 

precision of the rational function prediction of log |G*|. 
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The MIT sections (MWA, MWE, M15R, and M50R) and NCAT sections (N50R and 

N50RF) exhibited log |G*| values at short-term aging that were approximately equal to or greater 

than the log |G*| values measured from field cores aged for four years in the field. This trend 

contradicts the expected increasing evolution of |G*| with time. This conflicting observation is 

attributed to the laboratory short-term aging procedure that overestimates field aging in cold 

climates. The laboratory short-term aging procedure that was used follows AASHTO R 30 that 

requires aging loose mixture in the oven at 135°C for four hours. Because of the questionable 

initial log |G*| values obtained, these sections were left out of the pool of calibration sections but 

were still included to check if the model is capable of making reasonable long-term aging 

predictions.  

3.4.1.2 Relationship between Kinetics Model Predictions and Smoothed Field Core 

Measurements 

The relationship between the kinetics model predictions and the smoothed field core 

measurements of log |G*| values at different depths were evaluated to inform the field 

calibration of the PAM. Figure 6 shows the relationship between the smoothed log |G*| values 

measured from field cores and those predicted from the kinetics model at all depths. The sections 

are labeled as ‘mixture ID – field age’; e.g., ACTRL-8Y stands for the ALF Control section aged 

in the field for 8 years. The ALF sections are shown in yellow, the MIT sections in red, the 

NCAT sections in blue, the LTPP sections in green, the WesTrack sections in pink, and the 

MnROAD section in black. Note that the MIT sections (MWA, MWE, M15R, and M50R) and 

NCAT sections (N50R and N50RF) were not included in the field calibration of the PAM but are 

shown here in gray. According to this figure, the only clear outlier is M50R. The predicted log 

|G*| value is highly dependent on the initial log |G*| value (i.e., the log |G*| value of the short-
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term aged loose mixture). Because the initial log |G*| is too high, the predicted log |G*| is 

similarly biased in comparison to the field-measured log |G*|.  

The other RAP sections and WMA sections seem to follow the same trend as the 

conventional sections, which indicates that a separate field calibration of the kinetics model for 

the RAP and WMA sections was not required. However, insufficient data for the RAP and 

WMA sections due to the high initial log |G*| values obtained using the laboratory short-term 

aging procedure in AASHTO R 30 rendered the data untrustworthy. 

 

Figure 6. Comparison between smoothed field core measurements and kinetics model 

predictions of log |G*| values for all field sections at all pavement depths. 

3.4.1.3 Field Calibration of the Pavement Aging Model 

The field calibration of the PAM is intended to yield a log |G*| gradient with depth and 

time that meets a number of conditions. These conditions are established based on field core 
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observations and engineering judgment. It is meant to provide a log |G*| gradient with depth and 

time that satisfies boundary conditions to be used in a pavement performance analysis software. 

Figure 7 shows log |G*| measurements from four field sections with field cores obtained at two 

aging durations. The sections are labeled as ‘mixture ID – field age’; e.g., ACTRL-8Y stands for 

the ALF Control section aged in the field for 8 years. For each section, the aging gradient with 

depth and with time is shown. The field core measurements from these sections are used to infer 

the conditions listed in the next paragraph.  
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Figure 7. Field core log |G*| measurements plotted versus depth and versus time, 

respectively, for: (a) and (b) LWI, (c) and (d) LNM, (e) and (f) WTFOM, and (g) and (h) 

ACTRL. 

0

1

2

3

4

5

6

0 1 2 3 4 5

D
e

p
th

 (
c

m
)

log |G*| at 64 C, 10 rad/s (kPa)

LWI-8Y
LWI-17Y

(a)

0

1

2

3

4

5

6

0 1 2 3 4 5

D
e

p
th

 (
c

m
)

log |G*| at 64 C, 10 rad/s (kPa)

LNM-10Y
LNM-18Y

(c)

0

1

2

3

4

5

6

0 1 2 3 4 5

D
e

p
th

 (
c

m
)

log |G*| at 64 C, 10 rad/s (kPa)

WTFOM-4Y
WTFOM-19Y

(e)

0

1

2

3

4

5

6

0 1 2 3 4 5

D
e

p
th

 (
c

m
)

log |G*| at 64 C, 10 rad/s (kPa)

ACTRL-8Y
ACTRL-11Y

(g)

0

1

2

3

4

5

0 5 10 15 20 25 30

lo
g

 |
G

*|
 a

t 
6

4
 C

, 
1

0
 r

a
d

/s

Time (years)

LWI-8Y
LWI-17Y

(b)

0

1

2

3

4

5

0 5 10 15 20 25 30

lo
g

 |
G

*|
 a

t 
6

4
 C

, 
1

0
 r

a
d

/s

Time (years)

LNM-10Y

LNM-18Y
(d)

0

1

2

3

4

5

0 5 10 15 20 25 30

lo
g

 |
G

*|
 a

t 
6

4
 C

, 
1

0
 r

a
d

/s

Time (years)

WTFOM-4Y
WTFOM-19Y

(f)

0

1

2

3

4

5

0 5 10 15 20 25 30

lo
g

 |
G

*|
 a

t 
6

4
 C

, 
1

0
 r

a
d

/s

Time (years)

ACTRL-8Y
ACTRL-11Y

(h)



 

79 

The results of the field calibrated PAM should comply with the following condition. The 

conditions described in 1-7 below are depicted in Figure 8.  

1. At time zero, log |G*| is equal to log |G*|0 at all depths. 

2. The depth gradient becomes steeper as the depth gets closer to the pavement surface.  

3. The depth gradient reaches to an asymptote as the pavement depth increases. 

4. The asymptote increases with increasing time. 

5. The change of the depth gradient with time experiences an initial rapid evolution 

followed by a slower evolution towards an asymptote with time.  

6. The log |G*| value at the pavement surface does not exceed a maximum log |G*| value, 

determined to be equal to 4.5 kPa through a long-term binder aging study presented later 

in this section. 

7. The change in asymptote as a function of time decreases with increasing depth.  

8. PAM gradient predictions must match field core measurements of log |G*| visually and 

quantitatively through R2 and root mean square error (RMSE). 

 

Figure 8. Illustrations of aging gradient intended from the field calibration function as 

function of (a) pavement depth and (b) time. 
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The field calibration of the PAM is based on what will henceforth be called the ‘Aging 

Parameter’, abbreviated as AP and defined in Equation (6). The AP is derived from Equation (2) 

to provide the predicted change in log |G*| due to long-term aging, normalized by the material-

specific kinetics model parameter M. The right-hand side of Equation (6) shows that, according 

to the kinetics model given in Equation (2), AP is only a function of pavement temperature and 

time since the material-specific parameters (i.e., log |G*| and M) only appear in the middle 

portion of the equation.  

 0log | * | log | * |
1 1 exp( )kinetics c

f c

f

G G k
AP k t k t

M k

 
      

  

 (6) 

The AP values are calculated for all sections using the hourly pavement temperature 

histories and kc and kf parameters in Equation (2). These values are compared to APfield values 

calculated using the smoothed field core log |G*| measurements, combined with log |G*|0 and M 

obtained from laboratory loose mixture aging.  

An example of AP calculated using Equation (6) for multiple pavement depths is shown 

in Figure 9 (b). AP is calculated using hourly pavement temperature history. An example of only 

the hourly pavement surface temperature history is shown in Figure 9 (a). The corresponding 

pavement temperature histories are used for the calculation of AP at other pavement depths. As 

demonstrated in Figure 9 (b), AP (and consequently log |G*|kinetics) does not exhibit a rapid initial 

evolution nor does it slow with time to reach an asymptote (conditions 5, 6, and 7). This trend 

can be problematic as log |G*|kinetics would continuously increase with time, which is unrealistic 

and contrary to the field core measurements shown in the right column of Figure 7.  
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Figure 9. AP evolution with time based on pavement hourly pavement temperature history. 

Figure 10 shows AP plotted versus depth starting at time zero and plotted for time 

increments of 2 years. The hourly pavement temperature history for each depth and time 

increment is used to calculate AP in this graph. The effect of temperature change across the 

pavement depth results in a mild-sloped gradient shown in Figure 10, with a higher AP value, 

and thus log |G*|kinetics, at the pavement surface compared to that at a depth of 5 cm. It is 

expected, though, that the gradient has a steeper slope in reality, with an even higher value near 

the surface and a lower value at 5 cm depth, as shown in left column figure of Figure 7. Also, as 

demonstrated, the gradient seems to increase at a constant rate at each time increment, and does 

not experience a slower evolution with longer field aging durations. This is also demonstrated by 

overall linear increasing behavior shown in Figure 9, which is contrary to field core 
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measurements shown in the right column of figures of Figure 7. Therefore, this trend violates 

conditions 2, 5, 6, and 7.  

 

Figure 10. AP plotted versus depth for time increments of 2 years. 

In order to achieve the trend with time shown in Figure 8 (b) and satisfy condition 5 (i.e., 

an initial rapid evolution followed by a slower evolution towards an asymptote with time), AP 

must be transformed as shown in Equation (7) to yield what is referred to as APfield. Only AP at 

the pavement surface is used to generate the gradient with depth. As time increases to infinity, 

and thus APt increases to infinity, APfield reaches the asymptote n1. 
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where 

n1, n2  = regression parameters, and 

APt = Aging Parameter at the pavement surface at time t, kPa.  

The asymptote n1 must be a function of depth to satisfy condition 7. The function with 

depth must also provide a steep gradient close to the pavement surface (condition 2) and must 

AP (kPa)

D
e

p
th

 (
c

m
)

0 2 4 6 8 101 3 5 7 9
0

1

2

3

4

5

Time = 0 years

Time = 2 years



 

83 

have the ability to define a fixed maximum value of log |G*| at the surface (condition 6). 

Equation (8) shows the rational function selected to define n1.  

1 2
1

1

b z b
n

z





 (8) 

where 

b1, b2 = regression parameters, and 

z = depth (cm).  

The rational function provides the desired gradient shape with depth (condition 2). At the 

pavement surface (depth of zero), n1 becomes equal to the constant regression parameter b2. 

Thus, b2 represents the maximum log |G*| value that can be achieved at the pavement surface 

(condition 6). For infinite depth, n1 becomes equal to b1 (using L’Hopital’s Rule to evaluate the 

limit at the indeterminate form). Accordingly, b1 acts as the asymptote with depth (condition 3) 

for n1. With increasing time (i.e., with increasing APt), APfield at infinite depth increases until it 

reaches a maximum at infinite time. Therefore, the overall asymptote with depth for APfield 

increases with time, satisfying condition 4.  

The parameter b2 represents the maximum log |G*| value that can be achieved at the 

pavement surface. The material-independent maximum log |G*| would result in a material-

dependent AP as shown in Equation (9). 

max 0
max

log | * | log | * |G G
AP

M


  (9) 

where 

APmax  = maximum Aging Parameter at the pavement surface for each material (kPa), and 

log |G*|max = maximum log |G*| value at the pavement surface for all materials (kPa).  
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In an effort to determine the maximum log |G*| value that a binder might reach up to in 

the field while still maintaining any integrity, two binders, LTX and LSD, were aged for 

prolonged periods of time in the oven using thin film. Samples of the binders were taken out at 

different durations and tested using the dynamic shear rheometer to obtain the log |G*|. The 

highest log |G*| value at 64°C, 10 rad/s that could be obtained through direct testing was between 

4.0 kPa and 4.2 kPa. The binder aged for longer durations crumbles into pieces upon handling 

and cannot be formed into a sample for testing. Although the modulus of such binder might 

theoretically continue increasing upon aging, the binder loses integrity and ceases to have any 

meaningful performance. Thus, a log |G*| value of 4.5 kPa is selected as the maximum value that 

can be reached under field conditions for the purpose of the PAM use in pavement performance 

simulations.  

In putting Equations (7), (8), and (9) together, and rewriting log |G*| in terms of APt, 

Equation (10) is obtained.  

 21 max
, 0log | *| log | *| 1

1
tn AP

t z

b z AP
G G M e

z

  
   

 
 (10) 

where 

log |G*|t, z = dynamic shear modulus at time t and depth z, kPa.  

The log |G*| values obtained from Equation (10) and the log |G*| measured directly from 

field cores are compared in a line of equality plot. Application of Equation (10) improved on the 

original relationship between the predicted and the measured log |G*| (Figure 6), but left a room 

for further improvement. Comparisons between the field calibrated PAM predictions and field 

core measurements of log |G*| for the calibration sections and sections with STA problems are 

shown in Figure 11 for all depths. Figure 11 shows that, excluding the points in gray, the PAM 
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under predicts the field measurements for a few field sections (LWI, LSD, WesTrack), which 

appear above the line of equality. Note that two of the three sections (LWI and LSD) happen to 

be in colder climates than other sections. The PAM also seems to over predict the field 

measurements for other sections (NWC and NWF), which appear below the line of equality and 

happen to be in warmer climates than other sections. 

 

Figure 11. Comparison between smoothed field core measurements and initial field 

calibrated pavement aging model predictions for calibration sections and sections with 

STA problems at all depths. 

To account for the climate-dependent bias observed in the predicted log |G*| values, a 

climate-based term is introduced in the parameter n2 as shown in Equation (11). As shown, n2 is 

now a function of AP calculated at the pavement surface and at 10 years of aging using Equation 

(6) (using the hourly pavement temperature history). The AP value calculated based on Equation 
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(6) is a function of time and temperature only, and thus, considering AP at a fixed time would 

distinguish the sections based on their climatic conditions.  

2 10

2 1
ta AP

n a e  
  (11) 

where 

a1 and a2  = regression parameters, and 

APt=10  = Aging Parameter at the pavement surface at 10 years of aging, kPa.  

By incorporating Equation (11) into Equation (10), the final calibration function for PAM 

appears in Equation (12).  

 max
, 0

0.916
log | *| log | *| 1

1
tN AP

t z

z AP
G G M e

z

  
   

 
 (12) 

where 

tAP  = 
, 0log | * | log | * |kinetics tG G

M


  

maxAP   = 04.5 log | *|G

M


  

N   = 100.226
0.477 tAP

e     

|G*|t,z  = dynamic shear modulus at time t and depth z, kPa, 

|G*|0  = dynamic shear modulus at STA condition, kPa, 

|G*|kinetics,t  =  dynamic shear modulus at the pavement surface at time t, kPa,   

APt  = Aging Parameter at the pavement surface at time t, kPa, 

APt=10  = Aging Parameter at the pavement surface at 10 years of aging, kPa, 

M  = material-dependent constant,  
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z = depth, cm, and 

t  = time, days.  

The field calibrated PAM predictions of the log |G*| values were determined for each 

project and field core depth using Equation (12). Comparisons between the field calibrated PAM 

predictions and field core measurements of log |G*| for the calibration sections and sections with 

STA problems are shown in Figure 12 for all depths. Recall that some sections were found to 

have log |G*| values at short-term aging that were approximately equal to or greater than the log 

|G*| values measured from field cores. These sections, thus, were not used in the calibration 

process or in making the decision whether the model is validated, but were simply used to check 

if the model is capable of making reasonable long-term aging predictions despite potential 

laboratory short-term aging problems; these sections are designated with ‘STA Problem’ The 

results demonstrate generally good agreement between the measured and predicted values, 

indicating the field calibrated PAM yields reasonable predictions in terms of R2 and RMSE. The 

sections are labeled as ‘mixture ID – field age’; e.g., LWI-8Y stands for the LTPP Wisconsin 

section aged in the field for 8 years. The ALF sections are shown in a yellow filled square, a 

hollow yellow square, and a yellow filled circle. The NCAT sections are shown in a blue plus 

and a hollow blue diamond. The LTPP sections are shown in green filled triangle, hollow green 

triangle, green filled cross, green filled plus, hollow green plus, and a green filled square. The 

WesTrack sections are shown in pink filled dash, hollow pink dash, and a pink cross. The 

sections with STA problems are shown in gray for completeness although they were not used in 

the calibration.  

For most of the sections with STA problems, the PAM over predicts log |G*|. The 

predicted log |G*| value is highly dependent on the initial log |G*| value (i.e., the log |G*| value 
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of the short-term aged loose mixture). As mentioned earlier, because the initial log |G*| is too 

high for these problematic sections, the predicted log |G*| is similarly biased in comparison to 

the field-measured log |G*|.  The overall prediction accuracy at all depths has increased, as 

illustrated by an increase in R2 between Figure 6 and Figure 12 from -1.53 to 0.77. The results 

show that within the limited data used in this study, the calibrated PAM seems to predict the 

aging of the conventional HMA mixtures, WMA mixtures, RAP mixtures, and PMA mixtures 

reasonably well. However, these findings should be confirmed by analyzing additional WMA 

and RAP materials in future work after resolving the issue of over-estimation of the log |G*|0 

values when using the current AASHTO R 30 short-term aging procedure. 

 

Figure 12. Comparison between smoothed field core measurements and field calibrated 

pavement aging model predictions for calibration sections and sections with STA problems 

at all depths. 

Figure 12 shows the field calibrated PAM yields predictions as the data is well centered 

along the line of equality (condition 7). However, it is difficult to assess the accuracy of the 
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predicted depth gradient of individual sections from Figure 12 (conditions 1 through 6). 

Therefore, the field calibrated PAM is further evaluated by examining the measured and 

predicted depth gradients of individual sections.  

Figure 13 shows the evolution of log |G*| for 24 years with 1-year increments as shown 

in gray lines as well as the measured field core data in symbols and the corresponding 

predictions in dashed/dotted lines for all calibration sections. Note that the measured field core 

data presented in Figure 13 are not smoothened. Figure 13 shows that, recognizing the variability 

of aging in field cores, the predictions from the calibrated PAM in terms of the aging gradient 

shape and the level of aging match those measured from the field cores from various climatic 

regions reasonably well. Previous discussions about the development of the field calibration 

function of PAM explain how conditions 1 through 6 are met. Figure 13, though, shows 

graphically the resemblance of the obtained gradient of each section to that shown in Figure 8.  

Figure 14 shows the evolution of log |G*| for ACTRL versus time and depth prior to 

calibration and after calibration. The gray lines plotted against time represent the log |G*| 

prediction at depths corresponding to the field core measurements using data points obtained at 

1-year increments. Figure 14 clearly shows the improvement in log |G*| prediction. This 

demonstration of the prediction capability is important to understand the predictive behavior 

outside the range of measured data. The predicted log |G*| prior to calibration shows a 

continuous increase, which can be unrealistic after 20 to 25 years of aging. This trend is opposed 

by the field core measurements that show a slower evolution of log |G*| with time for ACTRL in 

Figure 14 and three more sections in Figure 7.  
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Figure 13. Predicted evolution of log |G*| with time and depth and measured field core data for the calibration sections: (a) 

NCAT Control, (b) NCAT Foam, (c) LTPP Texas, (d) LTPP Wisconsin, (e) WesTrack Fine (opt. %AC, medium %AV), (f) 

WesTrack Coarse, (g) LTPP South Dakota, (h) LTPP New Mexico, (i) ALF Control, (j) ALF SBS, and (k) ALF CRTB. 
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Figure 14. Predicted evolution of log |G*| with time for multiple depths and the 

corresponding measured field core data for the ACTRL section: (a) prior to calibration 

and (b) after calibration, and the predicted evolution of log |G*| with depth for multiple 

time durations and the corresponding measured field core data for ACTRL section: (c) 

prior to calibration and (d) after calibration. 
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Some field sections were left out of the calibration pool for independent validation. The 

field calibrated PAM predictions of the log |G*| values were determined for each project and 

field core depth using Equation (12). Figure 15 presents a comparison of the smoothed field core 

measurements and field calibrated PAM predictions of log |G*| for all the validation sections at 

all depths. The results do not indicate bias in the PAM predictions with depth, suggesting that the 

depth-dependent calibration is appropriate. The results show that within the limited data used in 
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mixtures (MWC, LOH, LCA, LWA, MNS31), WMA mixtures (NWE), and PMA mixtures 

(ATerp). The overall R2 of 0.72 that corresponds to the aggregated data suggests promising 

prediction accuracy, given all of the variables that impact field aging that are not taken into 

account directly in the PAM (morphology, UV aging, etc.). 

 

Figure 15. Validation of smoothed field core measurements and field calibrated pavement 

aging model predictions for validation sections at all depths. 

Figure 16 shows the evolution of log |G*| for 24 years with 1-year increments as shown 

in gray line as well as the measured field core data in symbols and the corresponding prediction 

in dashed/dotted lines for all validation sections. Note that the measured field core data presented 

in Figure 16 are not smoothened. Recognizing the variability of aging in field cores, the 

predictions from the calibrated PAM in terms of the aging gradient shape and the level of aging 

match those measured from the field cores from various climatic regions reasonably well. 
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Figure 16. Predicted evolution of log |G*| with time and depth and measured field core data 

for the validation sections: (a) ALF Terpolymer, (b) MIT Control, (c) NCAT Evotherm, (d) 

LTPP Ohio, (e) LTPP California, (f) LTPP Washington, and (g) MnROAD. 
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3.4.3 Comparisons Among Field Core Measurements, the Calibrated Pavement Aging 

Model Predictions, and the Global Aging System Model Predictions 

Pavement ME, which is a current pavement performance prediction software in use by 

state agencies within the United States, incorporates the aging effect via the GAS model (Mirza 

and Witczak 1995, Applied Research Associates 2004). The accuracy of the PAM developed 

under this project should be evaluated against the accuracy of the GAS model since it reflects the 

current state-of-practice model.  

Steps 1 and 2 of Table 10 present a summary of the GAS model. The model predicts 

viscosity at a given long-term aging level at 0.6-cm below the pavement surface (ηaged) using the 

mix/lay-down viscosity (ηt=0) and MAAT, which then can be used to predict the viscosity at any 

depth at that long-term aging level (ηt,z), as shown in Step 2 of Table 10. If the original viscosity 

(ηorig) is available instead of ηt=0, a conversion can be done to obtain ηt = 0, as shown in Step 1 of 

Table 10. 

In order to compare the measured data with the predictions obtained from both the PAM 

and the GAS model, a single AIP should be used. The measured dynamic shear modulus (|G*|) 

and phase angle values used in DSR testing can be converted to viscosity, as shown in Equation 

(13) (Applied Research Associates 2004). Therefore, the measured |G*| and phase angle values 

obtained from binder extracted and recovered from short-term aged loose mixture can be 

converted to viscosity and used as inputs to the GAS model along with the MAAT for the 

location of the pavement section of interest. The GAS model was used to predict the viscosity at 

the same age level of the field cores that correspond to each pavement section. To convert the 

predicted viscosity back to |G*|, the measured phase angles from the field cores were used along 

with the predicted viscosity in Equation (13) to obtain |G*|. Note that the inputs for the GAS 

model are less cumbersome to obtain than the inputs for the PAM. The former requires only the 
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short-term aged viscosity value and MAAT, whereas the latter requires the short-term aged log 

|G*| value, the material-specific parameter M, and the pavement temperature history obtained 

from the EICM. M is obtained by measuring log |G*| at short-term aging and at multiple 

laboratory long-term aging conditions. Recall that any laboratory long-term aging duration can 

be considered in order to obtain log |G*| to calibrate M as long as it provides binder AIPs that are 

well dispersed on the oxidation timescale. 

4.8628
1

100 *
sin

G


 
   

 
 (13) 

where 

η  = viscosity (cP),  

|G*|  = dynamic shear modulus (Pa), and  

δ  = phase angle (°). 

Figure 17 shows the predictions obtained using the PAM and the GAS model plotted 

against the measured data points obtained from field cores at different depths. The PAM 

demonstrates greater predictive accuracy than the GAS model, as illustrated by R2 = 0.7102 

compared to R2= 0.3792. R2 was calculated excluding M50R because it is a clear outlier due to 

its high initial log |G*|. Figure 18 through Figure 22 present comparisons between the field core 

measurements versus the field calibrated PAM predictions and GAS model predictions of log 

|G*| as a function of depth for selected pavement sections. Recall that the GAS model predicts 

viscosity; thus, to convert viscosity to |G*|, the phase angle measured from field cores was 

utilized along with Equation (13). The use of the measured phase angle from field cores led to 

the occasional increasing trend of |G*| with depth for the GAS model predictions. For most of 

the sections evaluated, the PAM predictions agree reasonably well with the field core 
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measurements, except for some cases (e.g., MIT 15% RAP, MIT 50% RAP, NCAT 50% RAP, 

NCAT 50% RAP with Foam, and LTPP South Dakota). The PAM generally predicts higher log | 

G*| values for depths closer to the pavement surface and in some cases lower log |G*| values 

deeper in the pavement compared to the GAS model. Note that some of the sections were used to 

develop the depth-dependent calibration for the PAM, which thus constitutes in some sense a 

circle in the analysis. ATerp, M15R, M50R, MWA, MWE, N50R, N50RF, and NWE, however, 

were not used in the depth-dependent calibration of the PAM. All these sections were not 

involved in the development or calibration of the GAS model, thereby constituting a pure 

validation of the model. The trend observed in the GAS predictions shown in Figure 18 through 

Figure 22 is attributed to the use of measured phase angle values obtained from tested field cores 

at different depths. The authors acknowledge that the GAS model predictions shown in this work 

could be confounded by the two-time use of Equation (13) and any ensuing uncertainties that 

could emerge. Future work to refine the prediction of the PAM for RAP and WMA sections 

should include a wider variety of sections for both categories.  

 

Figure 17. Comparison between field core measurements and predictions of (a) pavement 

aging model and (b) GAS model at all depths. 
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Figure 18. Comparison between field core measurements versus field calibrated pavement 

aging model predictions and GAS model predictions of log |G*| for (a) ALF CTRL, (b) ALF 

SBS, (c) ALF CRTB, and (d) ALF Terpolymer. 

 

Figure 19. Comparison between field core measurements and field calibrated pavement 

aging model predictions and GAS model predictions of log |G*| for (a) MIT 15% RAP, (b) 

MIT 50% RAP, (c) MIT Advera, and (d) MIT Evotherm. 
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Figure 20. Comparison between field core measurements and field calibrated pavement 

aging model predictions and GAS model predictions of log |G*| for (a) NCAT- 50% RAP, 

(b) NCAT Foam, (c) NCAT Evotherm, and (d) NCAT 50% RAP with Foam. 

 

Figure 21. Comparison between field core measurements and field calibrated pavement 

aging model predictions and GAS model predictions of log |G*| for (a) LTPP South Dakota, 

(b) LTPP New Mexico, (c) LTPP Wisconsin, and (d) LTPP Texas. 
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Figure 22. Comparison between field core measurements and field calibrated pavement 

aging model predictions and GAS model predictions of log |G*| for (a) WesTrack Coarse, 

(b) WesTrack Fine (high %AC, low & medium %AV), and (c) WesTrack Fine (low %AC, 

medium & high %AV). 

 SUMMARY 
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procedure that over-estimates field aging in cold climates. Other RAP sections and WMA 

sections seemed to follow the same trend as the conventional sections, which indicates that a 

separate field calibration of the kinetics model for RAP and WMA sections was not required.  

For most of the sections evaluated, the PAM predictions agree reasonably well with the 

field core measurements, except for some of the field sections that contained RAP and/or WMA. 

The PAM predictions generally were found to outmatch the GAS model predictions, with some 

exceptions. 
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Table 13. Equation Summary of the Pavement Aging Model. 

Description Equation(s) 
Eqn(s) 

Ref. 
Definition of Terms 

Kinetics Model 

  

0log | * | log | * |

1 1 exp

kinetics

c
f c

f

G G

k
M k t k Mt

k

 

 
    

  

  

 

exp
af

f f

E
k A

RT

 
  

 
  

 

exp ac
c c

E
k A

RT

 
  

 
  

 

(2) 

 

 

 

 

 

 

(3) 

 

 

 

(4) 

|G*|kinetics = long-term aged binder shear modulus at 64°C, 

10 rad/s (kPa) 

|G*|0 = short-term aged binder shear modulus at 64°C, 10 

rad/s (kPa),  

kf = rate of fast reaction, 

kc = rate of constant reaction, 

Af = regression parameter equal to 1.25×103,  

Ac = regression parameter equal to 3.68×107, 

Eaf = regression parameter equal to 95.04, 

Eac = regression parameter equal to 62.21, 

R = universal gas constant or ideal gas constant equal to 

0.008314 (kJ/mol K), 

T = pavement temperature (Kelvin), 

t = reaction time (days),  

M = fitting parameter related to fast reaction reactive 

material 

 

Field Calibration 

with Respect to 

Depth 

 max

, 0

0.916
log | * | log | * | 1
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t z

z AP
G G M e

z
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N e 
 

  

 

(12) 
 

 

 

 

|G*|t,z = long-term aged binder shear modulus after depth-

dependent calibration at 64°C and 10 rad/s at time t (kPa), 

|G*|kinetics,t = long-term aged binder shear modulus 

calculated at the pavement surface at time t (kPa), 

APt = Aging Parameter at the pavement surface at time t 

(kPa),  

APt=10 = Aging Parameter at the pavement surface 

calculated at 10 years of aging (kPa), and 

z = pavement depth (cm), 

Field Calibration 

Adjustment Factor 

for Deviation from 

the Optimum 

Asphalt Content 

 , , ,
log | * | log | * | 1 0.149 %

t z adj t z dev
G G AC      (5) |G*|t, z, adj = long-term aged binder shear modulus after 

deviation from optimum asphalt content calibration at 64°C 

and 10 rad/s (kPa),  

%ACdev = asphalt content of interest minus the Superpave 

optimum asphalt content (%).  
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CHAPTER 4. DEVELOPMENT OF METHODS TO ESTIMATE THE PAM INPUTS 

USING STANDARD BINDER AGING METHODS AND PG 

 RESEARCH APPROACH 

4.1.1 Overview 

Alternatives to loose mixture aging to obtain inputs for the PAM were investigated; these 

alternatives include aging binders in both RTFO and PAV prior to testing as well as using the PG 

to derive approximations. 

Obtaining material-specific kinetics parameters (i.e., log |G*|0 and M in Equation (2)) by 

testing extracted and recovered binders is a cumbersome process due to the demands of the 

extraction and recovery process. Therefore, the possible ability to use standard binder aging 

methods (i.e., RTFO and PAV) to approximate the material-specific parameters was evaluated. 

Eight binders were aged in a RTFO and the residue was subjected to 20-hour and 40-hour PAV 

aging. An empirical relationship was developed that relates the binder AIPs measured from the 

RTFO-aged and 20-hour PAV-aged and 40-hour PAV-aged binders to those measured from 

binder extracted and recovered from the long-term aged loose mixture. This developed 

relationship then was used to estimate the PAM input parameters. In addition, the relationship 

between the binder PG and the PAM parameters was used to develop an even simpler, albeit less 

accurate, alternative to obtain the PAM inputs.  

4.1.2 Test Materials 

Eight virgin mixtures were used to develop a framework to estimate the PAM parameters 

using standard binder aging methods. These eight mixtures are ALF Control, ALF SBS, ALF 

CRTB (crumb rubber terminal blend), LTPP Washington, LTPP South Dakota, LTPP Texas, 
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LTPP New Mexico, and ARC (Asphalt Research Consortium). These mixtures were aged in the 

oven at 95°C and the binders were extracted and recovered at multiple durations and then tested. 

The same eight virgin binders were aged in the RTFO, followed by 20-hour PAV and 40-hour 

PAV aging. The kinetics of the loose mixture aging of each mixture was compared against the 

kinetics obtained from RTFO and PAV aging. Table 14 presents details about the eight mixtures 

and binders. Note that information about all the binders used in this project was employed to 

develop a relationship between the kinetics parameters (M and log |G*| at short-term aging) and 

the PGs.   
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Table 14. Materials Used to Estimate Pavement Aging Model Parameters Using Standard 

Binder Aging. 

Project 

ID 

Section 

ID 
Location/Source 

% 

RAP 
NMAS % AC Binder Grade 

FHWA-

ALF 

Control 

(ACTRL) 

Virginia 

0% 
12.5 

mm 
5.30% PG 70-22 

Accelerated 

Loading Facility - 

Lane 1 

SBS-LG 

(ASBS) 

Virginia 

0% 
12.5 

mm 
5.30% PG 70-22 

Accelerated 

Loading Facility - 

Lane 4 

CRTB 

(ACRTB) 

Virginia 

0% 
12.5 

mm 
5.30% PG 70-22 

Accelerated 

Loading Facility - 

Lane 5 

LTPP 

LWA 

Washington 

0% 9.5 mm 6.10% 

AR-4000 (AR_40 by 

AASHTO 

designation) 
LTPP section ID: 

53-0801 

LSD 

South Dakota 

0% 
12.5 

mm 
5.90% Pen. 120-150 LTPP section ID: 

46-0804 

LTX 

Texas 

0% 9.5 mm 5.40% AC-20 LTPP section ID: 

48-0802 

LNM 

New Mexico 

0% 
19.0 

mm 
6.50% AC-20 LTPP section ID: 

35-0801 

ARC ARC 

ARC BI-0001 

Binder and North 

Carolina 

Aggregate 

0% 9.5 mm 6.40% PG 67-22 

Note: SBS-LG = linear grafted styrene-butadiene-styrene, CR-TB = terminal blend crumb 

rubber, ARC = Asphalt Research Consortium 

 

4.1.3 Sample Preparation Methods 

The sample preparation methods used to refine the PAM largely coincide with those 

described in Chapter 3 but are repeated here convenience of the reader. 
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4.1.3.1 Asphalt Mixture Aging 

All the asphalt mixtures aged in the laboratory were prepared using the component 

aggregate and binder that were used to construct the pavements from which the field cores were 

obtained. The mixtures were subjected to short-term aging at 135°C for four hours in accordance 

with AASHTO R 30 prior to long-term aging. The long-term oven aging of the loose mixtures 

was accomplished by separating the mix into several pans such that each pan had a relatively thin 

layer of loose mix that was approximately equal to the nominal maximum aggregate size 

(NMAS) of the aged mix. The pans of loose mixture were conditioned in an oven at 95°C and 

systematically rotated to minimize any effects of an oven temperature gradient and/or draft on 

the degree of aging. After long-term aging, the materials were taken out of the oven and mixed to 

obtain a uniform mixture. 

4.1.3.2 Micro-Extraction and Recovery 

Micro-extraction and recovery of the asphalt binder from the asphalt mixtures and field 

cores were undertaken following the procedure proposed by Farrar et al. (2015). This procedure 

uses a solvent mixture of toluene and ethanol (85:15). The mixture sample size is limited to 200 

g to produce approximately 10 g of asphalt binder per extraction, which is adequate for both 

ATR-FTIR spectrometry testing and DSR testing. To prevent further aging of the binder, the 

distillation flask was subjected to vacuum pressure of 80.0 ± 0.7 kPa (600 ± 5 mm Hg) under 

nitrogen gas during the recovery procedure. The recovered samples were then placed in a 

degassing oven and heated to 130°C for 60 minutes under nitrogen to remove any remaining 

traces of the solvent. In this study, ATR-FTIR spectrometry testing was conducted following 

extraction and recovery to ensure that no detectable solvent was present prior to DSR testing.  
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4.1.3.3 RTFO Aging 

RTFO aging was conducted using selected original asphalt binder samples according to 

AASHTO T 240 to simulate short-term aging. The RTFO procedure requires measuring 35 g of 

unaged asphalt binder in cylindrical glass bottles. The bottles are placed in a rotating carriage 

inside an oven at 163°C for 85 minutes. The aged binder is then scraped out and tested or stored 

for later long-term aging in the PAV. 

4.1.3.4 PAV Aging 

Asphalt binder residues obtained from the RTFO aging were subjected to PAV aging 

according to AASHTO R 28 at 100°C at the standard 20 hours and for an additional total aging 

time of 40 hours. The PAV procedure requires measuring 50 g of RTFO aged binder in stainless 

steel pans. The pans are aged standardly aged for 20 hours in a heated vessel (around 100°C) that 

is pressurized to 305 psi.  

4.1.4 Determination of Rheological Aging Index Properties 

Frequency sweep tests of the extracted and recovered binders were conducted using an 

Anton Paar modular compact rheometer (MCR) 302 at frequencies ranging from 0.1 Hz to 30 Hz 

at 64°C using the 8-mm or 25-mm parallel plate geometry. A strain amplitude of 1 percent was 

applied at all frequencies. The log |G*| at 64°C and 10 rad/s was used as the rheological AIP for 

all analyses. 

 FINDINGS AND APPLICATIONS 

The use of the PAM requires the short-term aged log |G*| (i.e., and log |G*|0) and the 

material-specific parameter, M. In the work presented thus far, these two parameters have been 

obtained through testing binder that has been extracted and recovered from aged loose mixture 

(following the loose mixture long-term aging procedure recommended by the original NCHRP 
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09-54 project). The log |G*| at short-term aging conditions is obtained by aging loose mixture in 

the oven at 135°C for four hours and then extracting, recovering, and testing the binder. The 

parameter M is obtained by measuring log |G*| at short-term aging conditions and at multiple 

long-term aging conditions by aging loose mixture in an oven at 95°C, then extracting, 

recovering, and testing the binder. M in Equation (2) is then optimized such that the predicted log 

|G*| values match the measured values. Recall that any laboratory long-term aging duration can 

be considered in order to obtain log |G*| to calibrate M as long as the duration allows for binder 

AIPs that are well dispersed on the oxidation timescale. The aging durations should allow binder 

AIPs that belong to the constant region in the kinetics plot of |G*| versus aging duration so that 

the oxidation kinetics data obtained are meaningful and reproducible such as shown in Figure 23.  

 

Figure 23. Example of log |G*| values obtained from testing extracted and recovered binder 

at STA and multiple LTA durations. 

Obtaining material-specific kinetics parameters through testing extracted and recovered 

binders is a cumbersome process due to the experimental demands of the extraction and recovery 

process. Two alternatives were considered in this study to obtain the material-specific 

parameters. The first was to use standard binder aging methods, i.e., RTFO and PAV testing, and 
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the second was to establish an empirical relationship between the binder PG and the material-

specific parameters.  

The method presented here to equate loose mixture kinetics and binder kinetics obtained 

from RTFO and PAV tests is empirical in nature. Loose mixture aging has been proven to be 

kinetics controlled due to the thin binder film that covers the aggregate particles and allows 

faster diffusion of oxygen through the film than the oxidation reaction itself. Loose mixture 

aging, however, also includes the physicochemical effects of filler, which slows down the asphalt 

binder oxidation rate. The binder film used in RTFO and PAV tests is not thin enough to induce 

a kinetics-controlled reaction; hence, the binder oxidation rates are also diffusion-controlled. 

Because the oxidation mechanisms of the two methods (loose mixture aging and RTFO/PAV 

aging) are not similar, relating the loose mixture rate to the RTFO/PAV rate is accomplished 

empirically.  

The original NCHRP 09-54 project provided an alternative to loose mixture aging to 

obtain the inputs for the PAM (Kim et al. 2018). This alternative was the USAT that uses thin 

binder film (0.3-mm thick) to induce a kinetics-controlled reaction. The original NCHRP 09-54 

project also developed an empirical model to relate the USAT-based kinetics to loose mixture 

kinetics by accounting for the filler effects and the presence of hydrated lime. Although the aging 

mechanisms for the USAT and loose mixture aging are similar in that they are both kinetics-

controlled, the drawback of the USAT is that it is a non-standard binder aging method and is 

relatively cumbersome to run in comparison to RTFO and PAV tests, especially in achieving and 

maintaining the 0.3-mm thick binder film before and during short-term aging and long-term 

aging. The research effort herein used the results of RTFO and PAV aging tests instead of 

deriving loose mixture kinetics information.  
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The PG has been found to relate to the binder log |G*| in terms of both short-term aging 

conditions and the material-specific parameter, M. However, the PG method is regarded as 

secondary to the RTFO/PAV aging alternative, which in turn is considered secondary to the 

loose mixture aging methodology in terms of accuracy. 

4.2.1 Estimation of Material-Specific Parameters Using Standard Binder Aging Methods 

Eight binders were aged in the RTFO and twice in the PAV (20 hours and 40 hours). 

Figure 24 shows the relationship between the log |G*| values obtained under short-term aging 

(loose mixture aging) conditions and log |G*| values obtained from RTFO aging. Some 

agreement between the log |G*| obtained from loose mix aging and from RTFO aging can be 

found. Short-term aging of loose mix is conducted at 135°C for four hours whereas RTFO aging 

is conducted at 163°C for 85 minutes. Roughly the same log |G*| value is obtained at the higher 

temperature with less time as at the lower temperature for longer time. This finding is in concert 

with the filler physicochemical effects that slow down the oxidation reaction in loose mixture 

and the thicker binder film used in RTFO aging. 

 

Figure 24. Agreement between log |G*| obtained from RTFO aging of binder and short-

term aging (STA) of loose mixture. 
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Figure 25 (a) shows the ratio of log |G*| for two days of aging with respect to short-term 

aging log |G*| values versus the ratio of log |G*| for 20 hours of PAV + RTFO aging with 

respect to RTFO log |G*| values. Figure 25 (b) shows the ratio of log |G*| for six days of aging 

with respect to short-term aging log |G*| values versus the ratio of log |G*| for 40 hours of PAV 

+ RTFO aging with respect to RTFO log |G*| values. The log |G*| values after RTFO aging and 

20 hours in the PAV seem to agree with two days of oven aging at 95°C after four hours of 

short-term aging at 135°C, as shown in Figure 25 (a). Also, the log |G*| values after RTFO aging 

and 40 hours in the PAV seem to agree with six days of oven aging, as shown in Figure 25 (b).  

 

Figure 25. Agreement between (a) 2-day log |G*| and 20-hour PAV+RTFO log |G*| and (b) 

6-day log |G*| and 40-hour PAV+RTFO log |G*|. 

Because the kinetics plot consists of a secondary constant region, estimating the slope 

should be possible, albeit with some error, and hence, the log |G*| of that region should also be 

possible to estimate, if knowing log |G*| at six days of aging. Figure 26 demonstrates the 

changes in slope for the kinetics model fit of each of the eight binders. A little after the 6-day 

mark, the slope converges to a constant value that varies slightly among the binders depending 

on their susceptibility to aging.  
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Figure 26. Convergence of slope of kinetics curve to a constant value that varies among 

binders. 

The log |G*| beyond six days of aging was observed to be proportional to log |G*| at six 

days of aging by some factor. Equation (14) was developed after averaging the factors obtained 

from the eight binders.  

6

6log * log * 1.02635 6i

iD DG G for i    (14) 

Knowing log |G*| at 0 days, 2 days, and 6 days and beyond, M can be obtained by 

optimizing Equation (2) such that the predicted log |G*| values match the estimated ones 

obtained from RTFO and PAV aging. Table 15 shows the M values obtained from loose mix 

aging and RTFO/PAV aging. Generally, the M values obtained from RTFO/PAV aging are fairly 

close to the measured loose mix aging values with percentage errors less than 10 percent, except 

for ACTRL and ARC that have percentage errors up to 20 percent. The ARC binder is highly 

structured. Structured binders tend to be more sensitive to parameters such as temperature and 

pressure. The high difference observed between the M values could be due to the ARC binder 

being sensitive to the aging method. 
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Table 15. Material-specific M Parameters Obtained from Loose Mix Aging and RTFO-

PAV Aging. 

Binder ID 
M from Loose 

Mix Aging 

M from 

RTFO-PAV 

Aging 

ARC 1.075 0.848 

ACTRL 0.772 0.668 

ASBS 0.598 0.620 

ACRTB 0.681 0.698 

LWA 0.865 0.899 

LSD 0.684 0.654 

LTX 0.852 0.838 

LNM 0.546 0.583 

 

The aforementioned approach requires both 20 hours and 40 hours of PAV aging to 

estimate M. However, the estimation of M using a single PAV aging duration also merits 

consideration due to the associated time savings. The process of using a single PAV to estimate 

M would be like that presented earlier. For example, with RTFO and 40-hours PAV, log |G*| at 

0 and 6 days will be known since RTFO |G*| can be considered equivalent to loose mixture STA 

|G*|. Similarly, 40-hours PAV |G*| can be considered equivalent to 6-day loose mixture aging 

|G*|. Equation (14) can then be used to estimate |G*| beyond 6 days. Afterwards, M can be 

obtained by optimizing Equation (2) such that the predicted log |G*| values match the estimated 

ones obtained from RTFO and 40-hours PAV aging. Figure 27 shows an example of the fit of the 

pavement aging model using both the RTFO and 40-hour PAV aging and the loose mixture 

aging as well as the measured data point from both aging methods that were used to obtain the 

fit. 
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Figure 27. Example of the log |G*| values obtained from testing RTFO and 40-hours PAV 

aged binder and the corresponding fit. 

Figure 28 demonstrates that the M values obtained from only 40 hours of PAV matches 

well along the line of equality. However, significant scatter is observed along the line of equality 

if only 20 hours of PAV is used. Therefore, M can be estimated without sacrificing the prediction 

accuracy significantly using only 40 hours of PAV. However, 20 hours of PAV should not be 

used exclusively to estimate M. 

Validation or recalibration of this methodology using local materials is encouraged. Also, 

a similar methodology can be applied to estimate M and log |G*| at STA using other aging 

methods of interest (e.g., modified RTFO/PAV, USAT, etc.). 

 

Figure 28. M from Loose Mix versus M from RTFO/PAV using: (a) 20 hours and 40 hours 

of PAV, (b) only 40 hours of PAV, and (c) only 20 hours of PAV. 
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The estimated M and log |G*| using RTFO/PAV were used along with the PAM to 

compare the predicted results of log |G*| at a certain time and depth of the pavement with those 

measured from field cores. The results are shown in Figure 29 and demonstrate that using 

RTFO/PAV can provide adequate estimation of the material-specific kinetics parameters that 

yields long-term aged log |G*| values close to those measured from field cores.  

  

Figure 29. Comparison between smoothed field core measurements and field calibrated 

pavement aging model predictions using inputs estimated from RTFO and 40-hours PAV 

at all depths. 
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sources and RAP sources used in this project. A functional form was fitted to each of these three 

relationships, as shown in Equation (15), Equation (16), and Equation (17), respectively. 

Equation (15) is fitted such that a log |G*| value of 4.5 kPa at 64°C, 10 rad/s is obtained at HPG 

of 130. Note that more data is needed, especially with HPG greater than 82, in order to validate 

the form of this equation. It is not directly intuitive that such a relationship exists since it is well 

known that binders with the same PG but from different sources can have vastly different aging 

susceptibilities. However, with testing of local materials and RAP sources, such a relationship 

can gain more credibility. At this stage, this relationship represents the least accurate approach to 

determine the material-specific parameters but provides considerable time-savings.  

4.068

6.552
log | * |

1
107.167

G
HPG




 
  
 

   (15) 

7.96

0.94

1
82.68

M
HPG


 

  
 

   (16) 

log( ) 0.1814 log(| *|) 0.0417M G       (17) 



 

 

116 

 

Figure 30. Relationship between (a) log |G*| at short-term aging and high PG, (b) M and 

high PG, and (c) M and log |G*| at short-term aging. 
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CHAPTER 5. DEVELOPMENT OF A METHOD TO ESTIMATE PAM INPUTS FOR 

RAP MIXTURES USING VIRGIN BINDER PROPERTIES 

  OVERVIEW 

For the mixtures that contain RAP, obtaining the material-specific kinetics parameters 

becomes more complex because of the presence of both virgin and RAP binder and the degree of 

blending between the two. The blending of the virgin and RAP binders is intricate and is 

governed by the RAP content, RAP properties, virgin binder properties, mixture volumetrics, and 

other factors. Ideally, the material-specific kinetics parameters of RAP-containing mixtures are 

best obtained by aging the loose mixture followed by extraction and recovery and testing of the 

binder. During loose mixture aging, the virgin binder, RAP binder, and/or any blend of the two, 

are aged simultaneously, and the inclusion of the physiochemical effects of the aggregate must 

be considered also as part of this process. Although complete blending of the binders will occur 

following extraction and recovery, this approach is considered to yield the most accurate 

characterization of the kinetics of the binder in RAP-containing mixtures.  

However, the long-term aging of loose mixture and the extraction and recovery process 

can be cumbersome. Thus, other approaches already described for estimating the material-

specific kinetics parameters of RAP-containing mixtures should be investigated. First, the 

following section demonstrates that the material-specific kinetics parameters of a RAP-

containing mixture can be obtained if individual virgin and RAP kinetics parameters are known. 

Next, a method for obtaining the RAP kinetics parameters using the PG is presented. Because 

RAP generally is not characterized per se, PAM predictions are utilized to estimate the RAP 

properties after a certain field aging duration. Recall that the PAM predicts the binder log |G*| 
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after long-term aging given the initial binder properties and its kinetics parameters and the 

pavement temperature history. The RAP kinetics parameters then can be combined with the 

virgin kinetics parameters to estimate the RAP-containing mixture kinetics parameters. 

 ESTIMATION OF THE MATERIAL SPECIFIC PARAMETERS OF RAP 

CONTAINING MIXTURES GIVEN INDIVIDUAL VIRGIN AND RAP PROPERTIES 

For virgin binder, the material-specific parameters, log |G*| at short-term aging and M, 

can be estimated using any of the three approaches discussed in the previous section, although 

loose mixture aging might not be as straightforward as the other two approaches due to the fact 

that the mixture is designed to have RAP, so using aggregate with only virgin binder would have 

to be carefully considered. For RAP mixtures, the two parameters that need to be characterized 

are log |G*| at short-term aging and M. A method to estimate these two parameters is discussed 

later in this section. Obtaining log |G*| of a RAP-containing mixture at short-term aging 

conditions requires combining the log |G*| values of both the virgin and RAP parameters at 

short-term aging conditions using the Arrhenius rule. Similarly, obtaining M of RAP-containing 

mixtures can be obtained using Glaser’s model.  

Arrhenius (1887) introduced a blending rule to estimate the overall rheological properties 

of a blend of two viscous components given their viscosities and concentrations. Davison et al. 

(1994) validated the Arrhenius blending rule for asphalt binder blends, as shown in Equation 

(18). Yousefi Rad et al. (2014) validated the Arrhenius rule for the binder shear modulus values 

of two binders in the laboratory, as presented in Equation (19).  

A B
mix
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    (18) 

| * | | * |
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where 

ηmix  = viscosity of the overall blend,  

ηA  = viscosity of component A,  

ηB  = viscosity of component B,  

|G*|mix  = shear modulus of the overall blend,  

|G*|A  = shear modulus of component A,  

|G*|B  = shear modulus of component B, and  

α  = concentration of component A. 

Considering A to be RAP in Equation (19) and B to be virgin binder, α becomes the 

asphalt binder replacement. Taking the log of both sides of Equation (19) yields Equation (20). 

0, 0, 0,log | * | (1 ) log | * | log | * |Blend Binder RAPG ABR G ABR G     (20) 

where 

|G*|0,Binder = shear modulus of short-term aged virgin binder,  

|G*|0,RAP  = shear modulus of short-term aged 100% RAP binder,  

|G*|0,Blend  = shear modulus of short-term aged RAP blended binder, and  

ABR   = asphalt binder replacement. 

Glaser et al. (2015) developed a model to account for the effects of RAP content on long-

term aging rates. In Glaser’s study, the carbonyl + sulfoxide data obtained from virgin binders 

and 100% RAP extracted binders were fitted to the oxidation model by adjusting only the 

reactive material and initial time-zero carbonyl + sulfoxide. The reactive material in the blend 

was predicted using a mass fraction weighted average of the virgin binder’s reactive material and 

100% RAP extracted binder’s reactive material, as shown in Equation (21). 
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(1 )Blend RAP Binder RAP RAPRM X RM X RM    (21) 

where 

RMBlend  = reactive material in the blend,  

RMBinder  = reactive material in the binder,  

RMRAP  = reactive material in the RAP,  

XRAP  = mass fraction of the RAP, and 

(1-XRAP)  = mass fraction of the binder. 

Rewriting Equation (21) using the variables of PAM would yield Equation (22). RM is 

replaced with M for each of the virgin binder, RAP, and the blend.  

(1 )Blend RAP Binder RAP RAPM X M X M    (22) 

Glaser et al. (2015) then successfully predicted the long-term aging rates of 15% RAP 

and 50% RAP given the aging rates of the virgin and 100% RAP binders. Two SHRP binders 

(AAA-1 and AAC-1) were blended with two RAP sources (Manitoba and South Carolina) in the 

Glaser et al. study (2015). The proposed model was able to predict the long-term aging rates of 

the different RAP blends.  

In another investigation, the Arrhenius rule for blending is used to predict the log |G*| 

values of the RAP-containing mixtures at short-term aging conditions and the Glaser model is 

used to predict M of the RAP-containing mixtures of the materials used in this research (Kim et 

al. 2021). Glaser model was developed originally based on binder thin-film aging data and the 

use of chemical AIPs. However, in this investigation, the Glaser model is applied to log |G*| at 

64°C and 10 rad/s data obtained from binder extracted and recovered from oven-aged loose 

mixture and from USAT binder aging. In addition, predicted and measured binder log |G*| 
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values obtained from short-term aging and long-term aging are compared to evaluate whether the 

accuracy of the proposed framework was acceptable. Finally, the predicted material-specific 

kinetics parameters of the 50% RAP-containing mixture are used as inputs in the calibrated PAM 

to predict field aging. The predicted field aging is compared against measured field aging of field 

cores to evaluate the end results of the proposed framework. The predictions were found to agree 

reasonably well with the field core measurements.  It was concluded that if the kinetics 

parameters of the individual virgin and RAP materials are known, the kinetics parameters of a 

mixture with a specific RAP content can be determined with reasonable accuracy. 

 ESTIMATION OF THE RAP KINETICS PARAMETERS USING PERFORMANCE 

GRADE 

According to Figure 30, if the HPG of the RAP is known, the log |G*| and M of RAP can 

be estimated. If the HPG of the RAP is unknown, the PAM can be used to predict the log |G*| 

for given initial kinetics parameters at long-term aging conditions. Table 16 shows the kinetics 

parameters, M and log |G*| at short-term aging for binders with a HPG ranging from 52 to 76 

obtained using Equation (15) and Equation (16). After predicting log |G*| using the PAM, which 

can be considered the log |G*| at short-term aging conditions for RAP, Equation (17) can be 

used to estimate M of RAP.  

Table 16. Estimation of Initial Kinetics Parameters Using HPG. 

HPG log |G*| at STA M 

52 0.328 0.917 

58 0.498 0.887 

64 0.717 0.832 

70 0.984 0.743 

76 1.298 0.622 
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For each HPG listed in Table 16, the PAM was used to predict log |G*| under different 

climatic conditions. The predicted log |G*| was then used to estimate the HPG of the RAP using 

Equation (15). This process was iterated for PAM predictions at different years for different 

pavement depths to obtain RAP HPG at different climates that is close to RAP HPG reported in 

the literature (shown in Table 17 and Figure 31). The RAP HPG were best matched with PAM 

simulations run for 14 years at 25.4 mm depth.  

Table 17. List of RAP Source and their High PG from Literature. 

State 

Number of 

RAP 

Sources 

RAP HPG (Count) Reference 

Alabama 2 PG 94 (1), PG 100 (1) Castorena et al. (2016) 

Arizona 5 PG 112 - PG 130 Arredondo (2018) 

California 1 PG 88 (1) Alavi et al. (2015) 

Florida 20 Average PG 90 West and Willis (2014) 

Illinois 2 PG 82 (1), PG 88 (1) Al-Qadi et al. (2012) 

Kansas 2 PG 86 (1), PG 90 (1) Tavakol (2016) 

Minnesota 3 PG 70 (1), PG 76 (1), PG 88 (1) Johnson et al. (2010) 

Nevada 4 PG 82 (4) Hajj et al. (2007) 

New Hampshire 3 PG 76 (2), PG 82 (1) Mensching et al. (2014) 

New Mexico 3 PG 82 (2), PG 88 (1) Mannan et al. (2018) 

New York 1 PG 82 (1) Mensching et al. (2014) 

North Carolina 28 

PG 82 (1), PG 88 (10), PG 94 

(11), PG > 100 (6), Average: 

PG 94 

Sree Ramoju (2017) 

Vermont 1 PG 70 (1) Mensching et al. (2014) 

Wisconsin 2 PG 82 (1), PG 88 (1) Bonaquist (2011) 
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Figure 31. Distribution of RAP sources from literature with their High PG across the map 

of the United States. 

Afterwards, PAM predictions of 14 years at 25.4 mm depth were made for all regions in 

the United States. The climatic data were obtained from MERRA-2 stations located across the 

United States and used to calculate the pavement temperature history using the EICM. The 

predicted log |G*| for each station was then used to estimate the HPG of the RAP. 

Maps were created to show the HPGs of the RAP across the United States for each initial 

HPG listed in Table 16. Figure 32 (a) shows the HPGs of RAP throughout the United States that 

were estimated from 20-year log |G*| values derived from the PAM using virgin binder with an 

HPG of 52 as an input kinetics parameter. Figure 32 (b), (c), (d), and (e) also show the HPGs of 

the RAP but with different input kinetics parameters for binders with HPG 58, 64, 70, and 76, 

respectively.  
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Figure 32. High performance grades of RAP obtained using kinetics parameters of virgin 

binder with (a) HPG 52, (b) HPG 58, (c) HPG 64, (d) HPG 70, and (e) HPG 76. 
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The RAP grades obtained from the maps in Figure 32 were compared to those reported in 

literature (shown in Table 17 and Figure 31). It can generally be said that the maps match the 

reported RAP grades (with unknowns such as the virgin binder PG) except in very hot climates 

(e.g., Arizona and Alabama) where the reported RAP grade was beyond 100 (i.e., higher than the 

grades shown in the maps) and in very cold climates (e.g., Minnesota, Vermont, and New 

Hampshire) where the reported RAP grades were less than 76 (i.e., lower than the grades shown 

in the maps). It is recommended that Equation (15) be locally or regionally calibrated with the 

time and pavement depth that represent the local RAP materials to better predict the RAP HPG 

locally, given differences in materials, timing of rehabilitation, and RAP processing methods.  

A user would thus refer to Figure 32 to determine the estimated HPG of the RAP, 

knowing the virgin binder HPG that is commonly used in the area of interest. To be conservative, 

the HPG of the RAP should be rounded up to the higher end of the scale shown in the legends 

presented in Figure 32 or even bumped up another grade depending on individual local 

experience in handling RAP in the different states. 

In summary, if the kinetics parameters of the individual virgin and RAP materials are 

known, the kinetics parameters of a mixture with a specific RAP content can be determined with 

reasonable accuracy using the Arrhenius rule (Equation (20) and Glaser’s model (Equation (21). 

The virgin binder kinetics parameters can be estimated using any of the three approaches 

previously discussed, although loose mixture aging might not be as straightforward as the other 

two approaches due to the fact that the mixture is designed to have RAP, so using aggregate with 

only the virgin binder would have to be carefully considered. If the HPG of the RAP is known, 

the RAP kinetics parameters can be obtained through Equation (15) and Equation (16). If the 
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HPG of the RAP is unknown, one can refer to Figure 32 to estimate the RAP HPG for a given 

initial virgin binder HPG and region of interest or otherwise follow the steps shown in Table 18. 

 SUMMARY 

The PAM requires two primary material inputs, log |G*| at short-term aging and M, and 

the pavement temperature history. The pavement temperature history can be obtained from the 

EICM. Table 19 summarizes the different approaches by which the material inputs can be 

obtained.  
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Table 18. Summary of the Calculations Needed to Estimate the RAP HPG. 

Step 

# 

Step 

Description 
Associated Equation(s) 

Eqn (s) 

Ref. 
Definition of Terms 

1 Virgin HPG    

2 Material 

Specific 

Parameters:  

M & |G*|0 

at 64°C, 10 

rad/s  

 

   

(15) 
 

 

(16) 

|G*|0 = short-term aged binder shear modulus at 

64°C, 10 rad/s (kPa), 

M = parameter related to fast reaction reactive 

material to be used in the kinetics model, and 

HPG = virgin binder high performance grade. 

 

3 Pavement 

Aging 

Model 
 

   

  

 

 

 

 

 

(2) 

 

 

(3) 

 

 

(4) 

 

 

(12) 

 

|G*|kinetics = long-term aged binder shear modulus at 

64°C, 10 rad/s (kPa),  

kf = rate of fast reaction, 

kc = rate of constant reaction, 

Af = regression parameter equal to 1.25×103,  

Ac = regression parameter equal to 3.68×107, 

Eaf = regression parameter equal to 95.04, 

Eac = regression parameter equal to 62.21, 

R = universal gas constant (0.008314 (kJ/mol K), 

T = pavement temperature (Kelvin), 

t = reaction time (days),  

|G*|t,z = long-term aged binder shear modulus after 

depth-dependent calibration at 64°C and 10 rad/s at 

time t (kPa), 

|G*|kinetics,t = long-term aged binder shear modulus 

calculated at the pavement surface at time t (kPa), 

APt = Aging Parameter at the pavement surface at 

time t (kPa),  

APt=10 = Aging Parameter at the pavement surface 

calculated at 10 years of aging (kPa), and 

z = pavement depth (cm), 

4 |G*|t=10,z=2.54 at 64°C, 10 rad/s   

5 HPG of 

RAP 
  

(15)  

4.068

0log | * | 6.552 / 1
107.167

HPG
G

  
      

7.96

0.94 / 1
82.68

HPG
M

  
      

 0
log | * | log | * | 11

kinetics c

fk tc

f

G G M e k t
k

k


   

  
   

   

exp
af

f f

E
k A

RT

 
  

 

exp ac
c c

E
k A

RT

 
  

 

 max

, 0

0.916
log | * | log | * | 1

1

t
N AP

t z

z AP
G G M e

z

 
  



 
 
 

, 0
log | * | log | * |

kinetics t

t

G G
AP

M




0

max

4.5 log | * |G
AP

M




10
0.226

0.477 t
AP

N e 
 



4.068

10, 2.54

6.552
107.167 1

log | * |t z

HPG
G



 

 
   

 



 

 

131 

Table 19. Summary of Methods to Obtain Material-Specific Inputs (log |G*| and M) for the 

Pavement Aging Model. 

Virgin Mixtures 

log |G*| at Short-term Aging 

Level 1 Aging loose mixture for 4 hours at 135°C in the oven followed by 

extraction, recovery, and testing of the binder 

Level 2 Standard RTFO aging followed by testing of the binder 

Level 3 Use of Equation (15) 

M 

Level 1 Loose mixture short-term aging and multiple long-term aging durations at 

95°C in oven followed by extraction, recovery, and testing of the binder. M 

in Equation (2) is then optimized such that the predicted log |G*| values 

match the measured values. Recall that any laboratory long-term aging 

duration can be considered to calibrate M as long as the duration provides 

binder log |G*| values that are well dispersed on the oxidation time-scale. 

The aging durations should provide binder log |G*| values that belong to the 

constant region of the kinetics plot so that the oxidation kinetics obtained 

are meaningful and reproducible. 

Level 2  40-hour PAV aging of RTFO residue followed by binder testing. 40-hour 

PAV aging durations is equivalent to 6 days of loose mixture aging. 

Equation (14) can be used to generate more data beyond 6 days. M can be 

obtained by optimizing Equation (2) such that the predicted log |G*| values 

match the ones estimated from RTFO and PAV aging. 

Level 3 Use of Equation (16) 

RAP-Containing Mixtures 

Virgin parameters can be obtained as described above for virgin mixtures. RAP parameters 

can be obtained as described below. Equation (20) and Equation (21) should be used to obtain 

RAP-containing mixture parameters. 

log |G*| at Short-term Aging of RAP Only 

Level 1 Aging loose mixture for 4 hours at 135°C in oven followed by extraction, 

recovery, and testing of the binder 

Level 3 Use of Equation (15) if PG is known. If PG is unknown, refer to Figure 32 

followed by Equation (15). 

M of RAP Only 

Level 1 Loose mixture short-term aging and multiple long-term aging durations at 

95°C in oven followed by extraction, recovery, and testing of the binder. M 

in Equation (2) is then optimized such that the predicted log |G*| values 

match the measured values. Recall that any laboratory long-term aging 

duration can be considered to calibrate M as long as the duration provides 

binder log |G*| values that are well dispersed on the oxidation time-scale. 

The aging durations should provide binder log |G*| values that belong to the 

constant region of the kinetics plot so that the oxidation kinetics obtained 

are meaningful and reproducible. 

Level 3 Use of Equation (16)  if PG is known. If PG is unknown, refer to Figure 32 

followed by Equation (16). 
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CHAPTER 6. DEVELOPMENT OF THE ASPHALT MIXTURE AGING-CRACKING 

(AMAC) MODEL TO PREDICT CHANGES IN ASPHALT MIXTURE 

PERFORMANCE DUE TO OXIDATIVE AGING 

 RESEARCH APPROACH 

6.1.1 Overview 

To facilitate the integration of the PAM results into pavement performance prediction 

frameworks, the predicted changes in the binder AIPs (log |G*| at 64°C, 10 rad/s in this case) 

with aging must be related to the corresponding changes in the asphalt mixture properties. 

Hence, a systematic aging study was conducted whereby mixtures were prepared at multiple 

laboratory long-term aging levels and subjected to dynamic modulus and cyclic fatigue tests 

using an AMPT. At each aging level, the binder was extracted and recovered from the mixture 

and subjected to DSR testing to determine the log |G*| at various temperatures and frequencies. 

The difference between log |G*| at a given long-term aging condition and log |G*| at the 

reference short-term aging condition was related to the change(s) in the asphalt mixture modulus 

with aging. The Asphalt Mixture Aging-Cracking (AMAC) model was established to integrate 

the effects of oxidative aging into pavement performance prediction software. Implementation of 

AMAC requires testing the mixture at the short-term aged condition only and the evolution of 

log |G*| from PAM. AMAC would then be able to predict the changes in the asphalt mixture’s 

linear viscoelastic properties and fatigue properties as a function of depth with time. To study the 

implications of oxidative aging on pavement performance, simulations of pavement performance 

that integrate the effects of long-term aging were conducted using FlexPAVETM version 1.1 that 

has been modified with AMAC. Figure 33 outlines the experimental plan. 
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Figure 33. Proposed experimental plan to investigate the effects of binder properties on 

asphalt mixture performance. 

6.1.2 Test Materials 

Table 20 details the 11 laboratory-mixed, laboratory-compacted mixtures evaluated in 

this study. The table provides the mixture IDs, sources, and other information regarding binder, 

gradation, and RAP content. All the mixture designs were used in field projects except for 

RS9.5B with 0% RAP, RS9.5B with 50% RAP, and the ARC mixtures. The remaining eight 

mixtures used in the field projects were verified against their respective job mix formulas by 

validating the aggregate gradation, mixture volumetrics, and binder content of the RAP in the 

RAP-containing mixtures. The other three mixtures were designed in the laboratory in 

accordance with North Carolina Department of Transportation (NCDOT) specifications 

(NCDOT 2018). The RS9.5B 0% and RS9.5B 50% mixtures were designed using the same 

component aggregate and RAP as the RS9.5B 30% mixture but with a softer virgin binder. The 
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ARC mixture was designed in the lab using siliceous aggregate from North Carolina with ARC 

BI-0001 binder, which was expected to be highly susceptible to aging given its chemistry. This 

ARC mix was included in the experimental study to ensure that AMAC could be applied to 

binders with high aging susceptibility. 

Table 20. Properties of Selected Mixtures for the Development of AMAC Model. 

Mixture ID Location/Source 
% 

RAP 
NMAS 

% 

AC 
Binder Grade 

RS9.5B 0% North Carolina 0% 9.5 mm 6.6% PG 64-22 

RS9.5B 30% North Carolina 30% 9.5 mm 5.8% PG 58-28 

RS9.5B 50% North Carolina 50% 9.5 mm 5.2% PG 58-28 

FC12.5D Florida 20% 12.5 mm 5.0% PG 76-22 

ARC 
ARC BI-0001 Binder and 

North Carolina Aggregate 
0% 9.5 mm 6.4% PG 67-22 

LTX 
Texas 

LTPP section ID: 48-0802 
0% 9.5 mm 5.4% AC-20 

LSD 
South Dakota 

LTPP section ID: 46-0804 
0% 12.5 mm 5.9% Pen. 120-150 

LWA 
Washington 

LTPP section ID: 53-0801 
0% 9.5 mm 6.1% 

AR-4000 (AR_40 

by AASHTO 

designation) 

NCAT N10 

Alabama 

NCAT (4th cycle) 

section N10 

50% 9.5 mm 6.0% PG 67-22 

MnRd C.21 

Minnesota 

MnROAD (2016 

experiment) Cell 21 

20% 12.5 mm 5.4% PG 58-34 

ACTRL 
Virginia 

ALF (2002) – Lane 8 
0% 12.5 mm 5.3% PG 70-22 

* ARC is Asphalt Research Consortium; LTPP is Long-Term Pavement Performance; AASHTO 

is American Association of State Highway and Transportation Officials; NCAT is National 

Center for Asphalt Technology; MnROAD is a pavement test track operated by the Minnesota 

DOT; ALF is Accelerated Loading Facility. 

 

6.1.3 Sample Preparation Methods 

6.1.3.1 Asphalt Mixture Aging 

The mixtures were subjected to short-term aging at 135°C for four hours in accordance 

with AASHTO R 30 prior to long-term aging. The long-term oven aging of the loose mixtures 
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was accomplished by separating the mix into several pans such that each pan had a relatively thin 

layer of loose mix that was approximately equal to the nominal maximum aggregate size 

(NMAS) of the aged mix, as shown in Figure 34. The pans of loose mixture were conditioned in 

an oven at 95°C and systematically rotated to minimize any effects of an oven temperature 

gradient and/or draft on the degree of aging. After long-term aging, the materials were taken out 

of the oven and mixed to obtain a uniform mixture. To prepare performance test specimens, the 

loose mixture was reheated to the compaction temperature for around 90 minutes or until the 

mixture temperature achieved equilibrium. A portion of the mix was then used to produce 

compacted performance test specimens and the remainder was used for binder extraction and 

recovery and subsequent DSR testing. 

 

Figure 34. Loose mix in thin layers for long-term aging in oven. 

Each mixture was evaluated at a maximum of four aging levels: one short-term aging 

level and three long-term aging levels that corresponded to various field aging levels. Table 21 

summarizes the laboratory aging durations used for each mixture. Each laboratory aging level 

was translated to corresponding field aging levels as a function of pavement depth using the 

recalibrated CAI (Braswell et al. 2020). Hourly pavement temperatures for the CAI calculations 

were obtained from the EICM using the MERRA-2 weather stations listed in Table 21. 
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Table 21. Aging Durations for Eleven Mixtures. 

Mixture ID 

Climate Weather 

Station Used in 

EICM 

Long-term 

Aging 

Durations 

(Days) 

Corresponding 

Field Aging 

Durations at  

6-mm Depth 

(Years) 

Corresponding 

Field Aging 

Durations at 20-

mm Depth (Years) 

RS9.5B 0% Raleigh, NC 0, 4, 7, 17 0, 4, 7, 17 0, 7, 13, 31 

RS9.5B 30% Raleigh, NC 0, 2, 4, 7, 17 0, 2, 4, 7, 17 0, 4, 7, 13, 31 

RS9.5B 50% Raleigh, NC 0, 4, 7, 17 0, 4, 7, 17 0, 7, 13, 31 

FC12.5D Gainesville, FL 0, 4, 7, 17 0, 2.5, 4, 11 0, 4, 7, 18 

ARC Raleigh, NC 0, 4, 8, 16 0, 4, 8, 16 0, 7, 14, 29 

LTX College Station, TX 0, 4, 8, 17 0, 3, 5, 11 0, 4, 9, 18 

LSD Mobridge, SD 0, 4, 8 0, 6, 11 0, 10, 19 

LWA Moses Lake, WA 0, 4, 16 0, 5, 19 0, 8, 33 

NCAT N10 Anniston, AL 0, 5, 11, 21 0, 4, 9, 17 0, 7, 15, 29 

MnRd C.21 Minneapolis, MN 0, 4, 8, 16 0, 6, 12, 24 0, 10, 20,40 

ACTRL Richmond, VA 0, 4, 8, 16 0, 4, 8, 16 0, 7, 14, 27 

 

6.1.3.2 Fabrication of Performance Test Specimens 

Small cylindrical performance test specimens (Ø 38 mm × 110 mm) were prepared for 

the AMPT dynamic modulus and cyclic fatigue tests in accordance with AASHTO PP 99. The 

compaction effort was based on the target air void contents for gyratory-compacted specimens 

(Ø 150 mm × 180 mm); however, the actual target air void content was 4.0% ± 0.5% for the 

cored and sawn small specimens (Ø 38 mm × 110 mm). Trial batches of short-term aged 

mixtures were used to estimate the mass required for the compaction mold. Compaction trials 

were carried out and the small specimens were extracted to measure their air void contents. The 

target mass values for the short-term aged mixtures were determined and adjusted for the long-

term aged mixtures based on their measured/estimated maximum specific gravity (Gmm). 

Each gyratory-compacted specimen was left to cool for 24 hours at ambient temperature 

and then cored and sawn to obtain four small specimens for performance testing in accordance 

with AASHTO PP 99. The air void contents were measured for each small specimen using a 
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CoreLok machine to ensure that the air void contents were within the acceptable range. At each 

aging level, the mixtures were tested to obtain linear viscoelastic and fatigue properties. Because 

this aging procedure is resource-expensive, the properties were measured at only a few aging 

levels. 

6.1.3.3 Micro-Extraction and Recovery 

Micro-extraction and recovery of the asphalt binder from the asphalt mixtures and field 

cores were undertaken following the procedure proposed by Farrar et al. (2015). This procedure 

uses a solvent mixture of toluene and ethanol (85:15). The mixture sample size is limited to 200 

g to produce approximately 10 g of asphalt binder per extraction, which is adequate for both 

ATR-FTIR spectrometry testing and DSR testing. To prevent further aging of the binder, the 

distillation flask was subjected to vacuum pressure of 80.0 ± 0.7 kPa (600 ± 5 mm Hg) under 

nitrogen gas during the recovery procedure. The recovered samples were then placed in a 

degassing oven and heated to 130°C for 60 minutes under nitrogen to remove any remaining 

traces of the solvent. In this study, ATR-FTIR spectrometry testing was conducted following 

extraction and recovery to ensure that no detectable solvent was present prior to DSR testing. 

6.1.4 Test Methods 

6.1.4.1 Asphalt Binder DSR Testing 

Frequency sweep tests of all the extracted and recovered asphalt binders were conducted 

at frequencies ranging from 0.1 Hz to 30 Hz and at 5°C, 20°C, 35°C, 50°C, and 64°C in an 

Anton Paar MCR 302 rheometer using parallel plate geometry. A 1% strain amplitude was 

applied at all test frequencies and temperatures after ensuring that the results did not deviate 

from the linear viscoelastic range. The rheological properties analyzed included |G*| at 64°C and 
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10 rad/s and |G*| mastercurves. At least two replicates were tested for each binder and aging 

condition evaluated. 

6.1.4.2 Asphalt Mixture Testing 

6.1.4.2.1 Dynamic Modulus Testing 

Frequency sweep tests were conducted using an AMPT and small specimen geometry in 

accordance with AASHTO PP 99. The test frequencies used were 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 

Hz, and 25 Hz. The test temperatures needed to build the mastercurves were initially selected in 

accordance with AASHTO TP 132 and were 4°C, 20°C, and 40°C. However, the dynamic 

modulus test results from the first set of specimens revealed an insufficient range of data for the 

highly aged materials. Therefore, most of the long-term aging dynamic modulus tests were 

conducted at 4°C, 20°C, 40°C, and 54°C, and, for very stiff mixtures, additional high 

temperatures up to 75°C were included in the tests. The load amplitude was varied by 

temperature and frequency to maintain an average on-specimen strain level of 63 microstrain. At 

least two replicates were tested for each mixture and aging condition. 

Time-temperature shifting was conducted in the storage modulus (Eʹ) domain rather than 

in the dynamic modulus (|E*|) domain to construct the mastercurves. The time-temperature shift 

(tTS) factors theoretically do not differ among a material’s linear viscoelastic properties. 

However, Chehab (2002) found that the application of time-temperature superposition in the 

dynamic modulus domain leads to poor isotherm alignment in the phase angle domain. In 

contrast, when the tTS factors were determined in the storage modulus domain, both dynamic 

modulus and phase angle isotherms aligned to form smooth mastercurves. The storage modulus 

can be calculated from the measured dynamic modulus and phase angle values using Equation 

(23). The functional forms used to characterize the storage modulus and tTS factor functions 
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used in this study are shown in Equation (24) and Equation (26), respectively. Both functions 

were optimized simultaneously using a nonlinear optimization scheme. The obtained tTS factors 

were used to shift the dynamic modulus and phase angle data to construct the mastercurves. The 

reduce frequency can be calculated using Equation (25). 
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where 

Eʹ  = storage modulus (kPa), 

|E*|  = dynamic modulus determined via testing (kPa),  

θ  = phase angle determined via testing (°),  

Eʹ(fR)  = storage modulus at a particular reduced frequency (kPa),  

max Eʹ  = defined using the Hirsch model, 

 δ, β, γ  = fitting coefficients, fR = reduced frequency (Hz),  

f  = physical frequency (Hz),  

aT  = time-temperature shift factor at a given temperature,  

T  = temperature (°C),  

Tref   = reference temperature (°C), and 

α1, α2 = fitting parameters. 
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The Hirsch model, as detailed in AASHTO TP 133-19, was used to find the maximum 

storage modulus value used in Equation (24). The Hirsch model can predict mixture stiffness 

based on volumetrics and basic material information, such as the voids in mineral aggregate and 

voids filled with asphalt. A direct implication of the Hirsch model that was found in this study is 

a fit that underestimates the mixture modulus value at high reduced frequencies, as will be shown 

later in this research in 6.2.1.1. 

The fitting of the sigmoidal function and shift factor function to construct the 

mastercurves for the aged materials is analogous to that used to fit short-term aging data, except 

for the estimation of the minimum and maximum modulus values. The maximum modulus value 

was calculated using the Hirsch model. At very low temperatures, the mixture volumetrics define 

the maximum modulus value because the binder component of the mixture is assumed to have a 

maximum glassy modulus value of 1 GPa (Christensen et al. 2003). Because the mixture 

volumetrics were assumed to remain constant as aging progresses, the maximum modulus value 

calculated using the Hirsch model also remains constant with aging. The mastercurve trends 

observed in this research also suggest that the maximum modulus values do not vary with aging 

level. Similarly, at very high temperatures or very low reduced frequencies, the effect of the 

asphalt binder is presumed to be minimal and the mechanical properties of the asphalt mixture 

are dominated by the aggregate structure properties. Thus, the minimum value of the modulus 

was obtained for short-term aging conditions by fitting the sigmoidal function and was applied to 

all the other aging levels when fitting the sigmoidal model to other aging levels. 

6.1.4.2.2 Cyclic Fatigue Testing Using the Asphalt Mixture Performance Tester 

Cyclic fatigue testing was conducted using an AMPT in accordance with AASHTO TP 

133-19. The test frequency used was 10 Hz. AASHTO TP 133-19 was implemented at the 
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following temperatures: 9°C for LSD, 15°C for MnRd C.21 and LWA, 18°C for RS9.5B0%, 

RS9.5B30%, RS9.5B50%, ARC, and ACTRL, 19°C for NCAT N10, 21°C for FC12.5D, and 

23°C for LTX. Multiple tests were conducted using actuator-controlled strain to achieve different 

on-specimen strain levels. Many end-failures, i.e., failure outside the linear variable differential 

transformer (LVDT) measurement range, were encountered during testing, especially for the 

long-term aged mixtures. Also, for the mixtures that contained limestone, i.e., LTX and LSD, 

broken aggregate was observed at the failed surfaces in many of the test trials. Both end-failure 

and broken aggregate can complicate cyclic fatigue test analysis for several reasons. End-failure 

prohibits appropriate on-specimen displacement measurements by the LVDTs, which leads to 

erroneous strain measurements and difficulty in determining the number of cycles to failure. 

Broken aggregate on the failed surface usually is associated with unrealistic brittle failure, which 

does not comply with the results of fatigue cracking in the mastic phase only. Only results from 

successful tests (middle failure or failure within the LVDT measurement range, failure in the 

mastic phase, and failure as defined in AASHTO TP 133-19) were included in the analyses 

presented in this study. Note that the shimming procedure that was found effective in reducing 

the end failure occurrences was not used in this study because all the mixture tests in this study 

were completed before the shimming procedure was developed. 

The cyclic fatigue test data were analyzed using simplified viscoelastic continuum 

damage (S-VECD) theory, as outlined in AASHTO TP 133-19. S-VECD theory is based upon 

three important theoretical foundations: the pseudo strain-based elastic-viscoelastic 

correspondence principle, the work potential theory of continuum damage mechanics, and time-

temperature superposition with growing damage. The fatigue behavior of asphalt mixtures 

characterized using S-VECD theory and determined from merely a few tests can be predicted 
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under different loading histories (monotonic vs. cyclic), varying rates of loading, different modes 

of loading (controlled-stress vs. controlled-strain), and various stress/strain amplitudes. This 

mechanistic-based predictive capability, rather than individual index properties derived from 

empirically based approaches, is important in interpreting the effects of aging on a variety of 

asphalt mixtures. The S-VECD model also provides the inputs necessary for the pavement 

response and performance analyses by FlexPAVETM. The calculations involved in calibrating the 

S-VECD model can be found elsewhere (Underwood et al. 2012).  

 The uniaxial cyclic fatigue tests of the small specimens followed AASHTO TP 133-19, 

but with three deviations from the specifications for the analysis of test results for highly aged or 

very stiff mixtures. The first deviation from AASHTO TP 133-19 is in the calculation of the 

damage evolution rate parameter, α. The α parameter is calculated as shown in Equation (27), 

where m is the maximum value of the tangential slope of the relaxation modulus versus time in 

log-log scale. For highly aged materials, the log-log slope of the relaxation modulus versus time 

plot sometimes contains two peaks, as shown in Figure 35. The relaxation modulus was fitted 

using the Prony series shown in Equation (28) with 17 elements. The second sharp peak is an 

artifact of the extrapolation of the data using the Prony series for long reduced times. If more 

elements are used to fit the Prony series, the second peak disappears. This approach was 

validated by fitting the Prony series with 41 elements. The calculation of α is thus based on m 

obtained from the first peak and not the second, which coincides with the maximum slope. 
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where 

α  = damage evolution parameter,  

t = time, 

m  = maximum value of the tangential slope of the relaxation modulus versus time plot, 

E∞  = long-time equilibrium modulus (kPa),  

Eg  = modulus of Prony term number g (kPa),  

ρg  = relaxation time of Prony term g (s), and  

N  = number of Prony terms used. 

 

Figure 35. Log-log slope of relaxation modulus for the damage evolution rate parameter (α) 

calculation. 

The second deviation from AASHTO TP 133-19 is the definition of the failure point that 

determines the number of cycles to failure (Nf). The Nf value is defined in AASHTO TP 133-19 

as the “cycle in which the measured phase angle drops sharply after a stable increase during 

cyclic loading.” The drop in phase angle was unclear in many test results of the long-term aged 

materials. Thus, Nf in this analysis is defined as the cycle in which the product of the modulus 

and the total number of cycles, |E*|×N, reaches a maximum value after a stable increase during 
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cyclic loading. The difference in the Nf obtained from these two criteria is small for tests that are 

shorter than around 30,000 cycles but is greater for longer tests. The phase angle drop criterion 

tends to give higher Nf values than those obtained by the drop in |E*|×N. Furthermore, the 

maximum phase angle often was found to occur after microcracks coalesced into a macrocrack 

on the surface of the test specimen. Failure is defined as the onset of macrocracking. Therefore, 

the results suggest that the phase angle drop often occurs post-failure. For consistency, the 

maximum |E*|×N criterion was used to define Nf for both short-term aging and long-term aging 

data in this study.  

The third deviation from AASHTO TP 133-19 involves the strain selection guidelines 

that provide target on-specimen strain levels to achieve fatigue test durations between 5,000 and 

40,000 cycles. Although the guidelines provide a systematic method to achieve acceptable test 

lengths (i.e., between 2,000 and 80,000 cycles), tests conducted at the beginning of the 

experimental program demonstrated that achieving acceptable test lengths for highly aged 

materials requires target on-specimen strain levels that are much lower than those prescribed for 

the first test in the guidelines. As such, many tests would be deemed too short to be useful if the 

guidelines are followed. Thus, lower strain levels than those suggested in AASHTO TP 133-19 

were selected to salvage tests that otherwise would have been deemed too short. 

The two main engineering properties that result from the S-VECD modeling approach, 

and are to be predicted using AMAC developed in this study, are (1) the damage characteristic 

curve, which is the functional relationship between the integrity (pseudo stiffness), C, of the 

specimen and the amount of damage, S, in the specimen and (2) the DR failure criterion, which is 

the average reduction in pseudo stiffness up to failure, as shown in Equation (29). The two 

resultant sets of curves were found to be independent of the input strain level for a given aging 
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level and mixture. The damage characteristic curves for a given mixture-aging level combination 

were cumulatively fitted to the power function shown in Equation (30).  
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where 

DR  = failure criterion,  

C  = pseudo secant modulus or pseudo stiffness,  

S  = amount of damage,  

C11, C12  = fitting parameters, and  

Nf  = number of cycles to failure. 

In addition to the two engineering properties (C and S), an index parameter, Sapp, was 

developed by Wang et al. (2020) to account for both stiffness and fatigue resistance or toughness 

that affect the cracking potential of a mixture and is based on VECD theory. Sapp was found to be 

able to distinguish the fatigue performance of various mixtures with different binder contents, 

binder grades, RAP contents, binder modification, air void contents, and aggregate gradations 

(Wang et al. 2019). The Sapp value is calculated using Equation (31).  
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6.1.4.3 Aging Effect in FlexPAVETM V1.1 

In Pavement ME, the effect of aging is included in the pavement performance simulations 

based on the change in the asphalt mixture modulus with time (Applied Research Associates 

2004). Although this approach represents significant strides toward accounting for the effects of 

aging on pavement service life, it neglects the effects of aging on the fatigue resistance of asphalt 

mixtures. Some studies have attempted to simulate the combined effects of the changes in 

asphalt mixture modulus and cracking resistance with aging using pavement structural-level 

analyses. However, these studies assume a single state of aging throughout each performance 

simulation (e.g., 20-year performance simulations using short-term aged mixture properties 

versus 20-year performance simulations using long-term aged mixture properties) (Babadopulos 

et al. 2018, Zhang et al. 2019). That is, in the long-term aging simulations, aged mixture 

properties were used for the entire simulation of the pavement life without considering the time-

dependent evolution of the material properties. Thus, these simulation results may not accurately 

reflect the effects of oxidative aging on pavement performance. The interaction between the 

distress mechanisms and the changing material properties with time can be understood only by 

running realistic simulations of a pavement structure.  

To investigate the effect of aging on pavement performance, the FlexPAVETM V1.1 

computational engine was modified to incorporate the evolution of asphalt mixture properties 

due to aging with respect to both time and pavement depth. The updated FlexPAVETM V1.1 

divides the pavement life into small segments with fixed aging levels. FlexPAVETM V1.1 

analysis assumes that the material properties do not change due to aging during each segment. 

The depth-dependence of aging was incorporated in the updated FlexPAVETM V1.1 by creating 

sublayers throughout the pavement thickness. Each sublayer is assigned different mixture 
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properties to reflect the aging gradient throughout the pavement depth. In this way, the modified 

FlexPAVETM V1.1 considers the mixture modulus evolution, tTS factors, damage characteristic 

curve, and DR failure criterion for each sublayer over time. Accordingly, the effect of aging can 

be captured in a simplified yet realistic way. Note that this methodology is a preliminary means 

to incorporate aging into FlexPAVETM V1.1. In Chapter 7 for FlexPAVETM V2.0, the evolution 

of mixture properties with time are continuous rather than discrete. 

Mixture properties were measured at a maximum of four aging levels in this study. The 

FlexPAVETM V1.1 modification, which discretizes the service life and depth of the pavement 

into segments, requires properties that correspond to a minimum of 17 different levels of aging 

over a 15-year service life. The field aging levels of these 17 segments were converted to 

corresponding laboratory aging durations at 95°C using the CAI given in Equation (1). Figure 36 

presents an illustration of the service life and depth discretization of a pavement and the 

calculated laboratory aging duration for each discrete unit using the climatic conditions of 

Raleigh, North Carolina as an example. Linear interpolation of the measured mixture properties 

was conducted to populate the information needed for the 17 calculated laboratory aging 

durations.  
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Figure 36. Illustration of ad hoc evolution of material properties in FlexPAVETM 1.1. 

The pavement performance simulations conducted in this study included both traffic and 

thermal loading. Simulations that were run using the modified FlexPAVETM V1.1 were 

compared against simulations that were run before the modification (i.e., using constant short-

term aging properties throughout the simulation). The significance of thermal loading with aging 

was investigated by running and comparing further simulations with only traffic loading and 

with both traffic and thermal loading. The simulated pavement structure consisted of a 7-inch (18 

cm) asphalt concrete layer, a 10-inch (25.4 cm) aggregate base, and 15-inch (38 cm) subgrade. 

The traffic input was 1,000 daily equivalent single-axle loads (ESALs) or around 7.3 million 

ESALs over 20 years. The analysis was performed for a 15-year pavement service life. Only 

surface mixtures were aged and tested in this study prompted by the fact that the surface layer is 

the most susceptible to aging. Since no mixture or aging data were gathered for intermediate 

layers for each section, only one asphalt layer was considered for the FlexPAVETM V1.1 

simulations. For each section, the climatic conditions considered were based on the climate 

weather stations used in the EICM, as shown in Table 21, and thus, in these simulations, 
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FlexPAVETM V1.1 considers the temperature and seasonal variation on an hourly basis. 

FlexPAVETM V1.1 predicts the distribution of damage within the pavement’s cross-section 

throughout the service life. The percentage of damage (‘percent damage’) is defined as the ratio 

of the sum of the damage factors within the reference cross-section area to the reference cross-

section area itself, as shown in Equation (32).  

1

1

M

i

i f

M

i

i

N
A

N
Percent Damage

A





 
  

 




  (32) 

where 

i  = nodal point number in the finite element mesh,  

M  = total number of nodal points in the finite element mesh,  

N/Nf  = damage factor where N = number of load applications and Nf = number of load 

applications to failure, and  

Ai  = area represented by nodal point i in the finite element mesh.  

FlexPAVETM V1.1 uses two overlapping triangles to form a reference area within which 

the damage evolution can be considered. The top inverted triangle has a 170-cm wide base that is 

located at the top of the surface layer and a vertex that is located at the bottom of the bottom 

asphalt layer. The 120-cm wide base of the second triangle is located at the bottom of the bottom 

asphalt layer and its vertex is positioned at the surface layer. Figure 37 presents the final shape of 

these overlapping triangles.  
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Figure 37. Reference areas for percent damage definitions in FlexPAVETM V1.1. 

Figure 38 presents an example of a damage contour in a pavement cross-section under the 

wheel-path as output by FlexPAVETM V1.1. The highest damage value of 1 signifies total failure 

and is shown in red. The lowest damage value of 0 signifies intact pavement layer and is shown 

in blue. The transition in color from blue to red shows the areas where damage is accumulated in. 

In this example shown in Figure 38, the surface of the pavement is completely damaged. The 

damage decreases with depth until a non-damaged state is reached. However, at the bottom of 

the pavement and right underneath the wheel-path, the pavement seems to incur some damage. 
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Figure 38. Example damage contour of a pavement cross-section obtained from 

FlexPAVETM V1.1. 

 FINDINGS AND APPLICATIONS 

6.2.1 Evolution of Mixture Properties with Long-Term Aging 

6.2.1.1 Linear Viscoelastic Properties 

Figure 39, Figure 40, Figure 41, and Figure 42 respectively show the dynamic modulus 

mastercurves in log-log and semi-log scales, the phase angle mastercurves, and the tTS factors 

for each mixture at each aging duration, respectively. The long-term aging levels are indicated by 

the number of days (D) of oven aging at 95°C. The results demonstrate an increase in modulus 

value and decrease in phase angle with aging, as expected. The changes in both the modulus 

values and phase angles at low reduced frequencies (and thus high temperatures) are more 

pronounced than at high reduced frequencies (and thus low temperatures). This trend is also 

expected because the mixture behavior at low reduced frequencies or high temperatures is 

associated with the binder behavior, which is the mixture component that undergoes aging. The 

relative increase in modulus value varies from mixture to mixture; e.g., the ARC mix shown in 

subfigure (e) of each of the four figures exhibits greater changes in modulus value and phase 
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angle at a given reduced frequency due to long-term aging than the FC12.5D mix shown in 

subfigure (d) of each of the four figures. The tTS factors that are required to generate the 

mastercurves change as the aging level increases. A greater shift between isotherms generally is 

required as the aging level increases, because the rate of change of the material properties 

decreases as the temperature changes.
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Figure 39. Dynamic modulus evolution measured with aging in log-log space for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 

50%, (d) FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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Figure 40. Dynamic modulus evolution measured with aging in semi-log space for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 

50%, (d) FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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Figure 41. Phase angle evolution measured with aging for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 50%, (d) FC12.5D, (e) 

ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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Figure 42. Time-temperature shift factor evolution measured with aging for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 50%, 

(d) FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL.
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As described, the sigmoidal function and shift factor function outlined in Equation (24) 

and Equation (26) were used to fit the storage modulus (Eʹ) that was calculated from the 

measured dynamic modulus and phase angle. Equation (24) uses the Hirsch model (detailed in 

AASHTO TP 133-19) to find the maximum storage modulus value. A direct implication of the 

Hirsch model is a fit that underestimates the modulus of the mixture at high reduced frequencies, 

as shown in Figure 43 for six mixtures at the short-term aging condition. Thus, care should be 

taken when predicting the modulus at low temperatures; this underestimation introduced by the 

Hirsch model was found to be significant in later parts of the analysis when the predicted 

modulus values with aging were compared against the measured values.  
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Figure 43. Effect of Hirsch model estimation of maximum modulus on sigmoidal fitting of 

short-term aged mixtures: (a) ACTRL, (b) LTX, (c) RS9.5B 0% RAP, (d) RS9.5B 50% 

RAP, (e) FC12.5D, and (f) NCAT. 

6.2.1.2 Fatigue Damage Properties 

Table 22 and Table 23 present the damage evolution (α) values of all the mixtures at 

different aging levels (in days, D). The α value increases with the number of days because the 

maximum log-log slope of the relaxation modulus decreases, which signifies that aging 

decreases the relaxation rate of the material.  
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Table 22. The Damage Evolution Parameter, α, as a Function of Laboratory Aging 

Duration (Days, D) for Sections RS9.5B 0%, RS9.5B 30%, RS9.5B 50%, and FC12.5D. 

  RS9.5B 0% RS9.5B 30% RS9.5B 50% FC12.5D 

STA 3.66 3.80 3.97 3.66 

2D   3.90     

4D 4.01 4.01 4.04 4.05 

7D 4.09 4.10 4.12 4.35 

17D 4.58 4.29 4.17 4.20 

 

Table 23. The Damage Evolution Parameter, α, as a Function of Laboratory Aging 

Duration (Days, D) for Sections ARC, LTX, LSD, LWA, NCAT N10, MnRd C.21, and 

ACTRL. 

 ARC LTX LSD LWA NCAT N10 MnRd C.21 ACTRL 

STA 3.74 2.37 3.54 3.17 3.88 3.72 2.80 

2D               

4D 4.01 2.57 3.84 3.32     3.04 

5D         4.10 4.21   

7D               

8D 4.24 2.60 3.76     4.25 3.21 

11D         4.10     

16D 5.05     3.92   4.37 3.43 

17D   2.71           

21D         4.47     

 

 

The two sets of S-VECD analysis results are presented as (1) damage characteristic 

curves, which represent the functional relationship between the integrity (pseudo stiffness, C) of 

the specimen and the amount of damage, S, in the specimen, and (2) the DR failure criterion, 

which is the average reduction in pseudo stiffness up to failure, as shown in Equation (29). 

Figure 44 and Figure 45 respectively show the damage characteristic curves and the relationship 

between the summation of (1 - C) and number of cycles to failure, whose slope is DR, for each 

mixture at different aging levels.  

Figure 44 shows an upward shift of the damage characteristic curves as the aging level 

increases for all mixtures. Generally, the damage characteristic curves of the stiff mixtures tend 
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to be higher than those of the other mixtures; however, this outcome does not imply better or 

worse performance. Although aging increases the material’s stiffness such that, for a given S 

value, the aged material exhibits greater stiffness or higher C values, the aged material actually 

becomes more prone to damage (i.e., the damage evolution is faster). This phenomenon can be 

reflected by higher C values at failure, indicating that the material becomes less tolerant to 

damage compared to under short-term aging conditions. The only mixture that shows the 

opposite trend with respect to C at failure is ACTRL where the damage characteristic curves of 

the more aged mixtures fall above those of the less aged mixtures, but the C value at failure does 

not change significantly with aging. An indicator of the material’s diminishing toughness with 

age is the DR value (Wang and Kim 2017), which exhibits a decreasing trend with aging for a 

given mixture, as shown in Figure 45. DR is shown as the slope of the relationship passing 

through zero between the average reduction in pseudo stiffness and the number of cycles to 

failure. A higher DR value generally indicates better fatigue resistance compared to a lower DR 

value. Again, ACTRL does not follow the expected trend. The ACTRL mixture’s DR values are 

similar at all aging levels evaluated. However, the performance of the mixture cannot be 

evaluated based solely on the position of the damage characteristic curves or DR values because 

both the modulus and inherent fatigue resistance play a role in determining the mixture’s fatigue 

performance within a pavement. 
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Figure 44. Damage characteristic curve evolution measured with aging for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 50%, 

(d) FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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Figure 45. Failure criterion (DR) evolution measured with aging for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 50%, (d) 

FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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If two mixtures exhibit the same fatigue resistance, but one is stiffer than the other, the 

stiffer mixture will have a longer fatigue life. Similarly, a more fatigue-resistant mixture will 

have a longer fatigue life than another mixture of similar stiffness but less fatigue resistance. Sapp 

is an index parameter that was developed to account for these two factors (stiffness and fatigue 

resistance or toughness) that affect the cracking potential of a mixture and is based on VECD 

theory. The Sapp value is calculated using Equation (31). Table 24 and Table 25 show the Sapp 

values of the eleven study mixtures. As shown, the Sapp values decrease dramatically with aging. 

The only exception is ACTRL where Sapp increases slightly with aging. The LTX mixture shows 

a relatively non-changing Sapp for the first two aging levels but decreases as aging becomes more 

severe. 

Table 24. Evolution of Fatigue Resistance, Represented by Sapp with Short-term Aging 

(Days, D) for Sections RS9.5B 0%, RS9.5B 30%, RS9.5B 50%, and FC12.5D. 

  
RS9.5B 0% RS9.5B 30% RS9.5B 50% FC12.5D 

STA 21.6 21.4 11.9 13.8 

2D   17.9     

4D 19.5 16.0 10.6 8.4 

7D 17.6 13.0 5.5 4.8 

17D 8.3 6.8 3.3 2.7 

 

Table 25. Table 24. Evolution of Fatigue Resistance, Represented by Sapp with Short-term 

Aging (Days, D) for Sections ARC, LTX, LSD, LWA, NCAT N10, MnRd C.21, and ACTRL. 

 ARC LTX LSD LWA NCAT N10 MnRd C.21 ACTRL 

STA 21.7 15.3 14.6 13.2 11.3 21.8 7.8 

2D               

4D 15.4 15.9 9.8 11.3     9.8 

5D         6.5 10.4   

7D               

8D 9.1 13.2 8.5     9.0 10.1 

11D         4.9     

16D 2.9     8.2   5.0 11.7 

17D   8.6           

21D         5.8     
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6.2.2 Development of Asphalt Mixture Aging-Cracking (AMAC) Model 

Measuring the asphalt mixture properties at multiple aging levels that span the entire 

range of in-service conditions on a routine basis is impractical due to time and resource 

constraints. Therefore, alternative methods are needed to predict the evolution of the asphalt 

mixture properties with the changes in asphalt binder AIPs that are due to oxidative aging. 

AMAC is presented herein that can be used to predict the mixture long-term aging properties, 

assuming that the mixture short-term aging properties are known, whether measured or assumed. 

For this work, the mixture short-term aging properties were measured.  

Initially, the mixture properties as a function of laboratory aging duration were related to 

the rate of change in the coefficients of the model parameters for the dynamic modulus 

mastercurve, S-VECD damage characteristic curve, and the failure criterion (i.e., sigmoidal 

function given in (24), tTS factor second-order polynomial function given in Equation (26), and 

the damage characteristic curve power function given in Equation (30)). This approach was also 

attempted in the literature (Baek et al. 2012, Yousefi Rad 2018). Although this method offered a 

means to predict the various model coefficients in terms of the laboratory aging duration, it was 

not useful in predicting the mixture long-term aging properties for in-service conditions. The 

mixture properties need to be characterized in terms of laboratory aging duration, which can be 

converted to field aging durations, but this method would provide only snapshots of the material 

properties with time instead of a continuous evolution.  

Therefore, an alternative method was established to predict the long-term aging 

properties of asphalt mixtures given the short-term aging mixture properties combined with 

aging model predictions of log |G*| evolution. This alternative method is based on the time-aging 

superposition concept. In terms of linear viscoelastic properties, time-aging superposition implies 
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that asphalt mixture mastercurves that correspond to different aging levels coincide when they 

are shifted horizontally on the log frequency axis. Here, the time-aging superposition principle is 

also applied to S-VECD damage characteristic curves and the DR failure criterion. The time-

aging superposition concept originated in the polymers field (Bradshaw and Brinson 1997) and 

its applicability to asphalt mixtures has been verified by several researchers (Masad et al. 2008, 

Ling et al. 2017).  

6.2.2.1 Development of a Framework to Predict Changes in Mixture Modulus with Aging 

6.2.2.1.1 Evaluation of the Time Aging Superposition Concept for Shifting Modulus 

Mastercurves 

If time-aging superposition is applicable, the end result is one mastercurve, henceforth 

called an aging mastercurve, which represents the horizontally shifted individual mastercurves of 

different aging levels, or alternatively, the horizontally shifted raw data of all tested age levels, 

frequencies, and temperatures of a single mixture. The horizontal shift is achieved by calculating 

a reduced frequency using Equation (35) that relies on a total shift factor. This factor is called the 

‘total shift factor’ because it is shifting the isotherms not only because of temperature but also 

the effect of age level. A tTS factor, singly, would shift the isotherms to a reference temperature. 

A common form of the tTS factor function is shown in Equation (33). A time-aging shift (tAS) 

factor, on the other hand, would shift the isotherms to a reference age level. As will be shown 

later, Equation (34) is a form of the tAS factor function where log |G*| acts as an aging state 

variable. The total shift factor would thus shift the isotherms to a reference temperature and age 

level. 

   
2

1 2log( )T ref refa T T T T       (33) 
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log( ) (log | * | log | * | )A refa c G G     (34) 

&r ij i jf f a for Age Level T    (35) 

where 

aT  = time-temperature shift factor at a given temperature,  

T  = temperature (°C),  

Tref   = reference temperature (°C),  

α1, α2  = fitting parameters,  

aA  = time-aging shift factor at a given age level,  

|G*|  = dynamic shear modulus at a specific aging level,  

|G*|ref  = the dynamic shear modulus measured at the reference age level,  

c  = fitting parameter,  

aij  = total shift factor with respect to temperature i and/or age j,  

fr  = reduced frequency (Hz), and 

f  = frequency (Hz). 

Figure 46 shows shifting the raw data of the NCAT mixture based on age level (number 

of days) and temperature. The total shift factor was used to calculate the reduced frequency for 

each temperature-aging level combination. All aij values were optimized alongside the sigmoidal 

function parameters used in Equation (24). The gray data points include all the data after the 

application of both time-temperature and time-aging superposition. The results demonstrate that 

shifting the raw data on the log frequency axis allows the creation of a single mastercurve to 

describe the change in modulus as a function of changing frequency, temperature, and age level.  
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Figure 46. Mastercurve construction derived from short-term aging (STA) and long-term 

aging raw data for NCAT mixture in terms of (a) age level (days) and (b) test temperature. 

The following sections present a methodology to determine the shift factors. First, 

whether a single functional form for a total shift factor is feasible is investigated, after which it is 

determined that separate functional forms must be used to characterize the tTS and tAS factors. 

The functional forms for both shift factors as well as a method to calibrate both shift factors are 

presented. This analysis represents this project’s final recommendation as to how these shift 

factors should be obtained in practice. Alternative methods have been investigated during this 

project, but the calibration of those methods was deemed too experimentally demanding. 

6.2.2.1.2 Evaluation of a Single Functional Form for Both tTS and tAS Factors 

In Pavement ME, the predicted changes in binder viscosity that are derived from the GAS 

model are translated to corresponding changes in the asphalt mixture’s dynamic modulus using 

the time-aging superposition concept. Table 10 provides the GAS model predictive equations for 

viscosity and the calculations by which viscosity is used to predict the mixture modulus in 

Pavement ME. In Pavement ME, the predicted changes in binder viscosity with aging, obtained 

from the GAS model, are used to calculate the required shift along the log-time axis for modulus 

determination using the difference between the viscosity at the desired aging level and the 
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reference short-term aging condition multiplied by a constant, c, as shown in Table 10, Step 3. 

The resultant reduced times are used in the asphalt mixture dynamic modulus sigmoidal model to 

calculate the corresponding asphalt mixture dynamic modulus values as a function of age. The 

parameter c is calibrated using the relationship between the binder viscosity temperature 

dependence and the mixture tTS factors determined at the short-term aging condition. Thus, the 

equation shown in Table 10 - Step 3 is applied for both time-temperature superposition and time-

aging superposition. Also, the change in binder viscosity from the reference condition viscosity 

is a state variable that can be translated to changes in the mixture modulus, regardless of whether 

the source of the change is temperature or aging. 

Pellinen et al. (2002) demonstrated that the shifting of asphalt mixture isotherms to form 

a mastercurve yields good results. Therefore, asphalt mixture modulus prediction accuracy could 

be improved if the application of time-temperature superposition is decoupled from time-aging 

superposition to form the mixture mastercurve at short-term aging conditions. To this end, the 

Pavement ME framework was first evaluated with one deviation; the dynamic shear modulus 

(|G*|) was used instead of viscosity. As discussed previously, Pavement ME assumes that the 

tAS and tTS factors for a given mixture can be determined using a single function of the 

difference in log-viscosity values between the desired condition and the reference condition. The 

shift factor defined by the Pavement ME framework that is recast in terms of |G*| instead of 

viscosity yields Equation (36). The corresponding reduced frequency is calculated using 

Equation (37) and input to the sigmoidal function shown in Equation (38) that is calibrated at the 

short-term aging condition to determine the mixture dynamic modulus at the desired temperature 

and aging level. 

log( ) (log | * | log | * | )refa c G G     (36) 
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rf f a    (37) 

*

log( )
(| )

1
|

rf
log E

e
 





 


  (38) 

where 

a  = total shift factor with respect to temperature and/or age,  

c  = fitting parameter,  

|G*|  = dynamic shear modulus at 10 rad/s at a specific temperature and/or aging level,  

|G*|ref  = dynamic shear modulus measured at short-term aging at 21.1°C and 10 rad/s,  

fr  = reduced frequency (Hz), 

 f  = frequency (Hz),  

|E*|  = dynamic modulus (kPa), and 

δ, α, β, γ  = fitting parameters. 

In Pavement ME, the δ, α, β, γ, and c values are determined via nonlinear optimization to 

minimize the error between the dynamic modulus sigmoidal predictions and measured data that 

correspond to the short-term aging condition only. The dynamic shear modulus values for this 

optimization were obtained from the test results of the binders extracted and recovered from 

mixtures prepared under short-term aging conditions. Temperature-frequency sweep test results 

were used to construct the dynamic shear modulus mastercurves using the Christensen-

Anderson-Marasteanu (CAM) model. To apply Equation (36), the log |G*| values at each 

mixture test temperature were back-calculated from the fitted CAM model. The difference 

between the log |G*| at a given mixture test temperature and the log |G*| at the reference 

temperature in Equation (36) yields the shift factors. Note that, because viscosity is a function of 

only temperature and age, the original form of Equation (36) used in Pavement ME was simple 
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to implement. However, the dynamic shear modulus is also a function of frequency and so here 

the |G*| and |G*|ref values in Equation (36) are at a fixed temperature and age and at 10 rad/s. 

Binders extracted and recovered from the long-term aged mixtures were tested and used 

to construct dynamic shear modulus mastercurves in a process analogous to that used for the 

binders extracted and recovered from the short-term aged mixtures. The results were used to 

calculate the dynamic shear modulus values that corresponded to a 10 rad/s frequency at each 

mixture test temperature and aging level. These dynamic shear modulus values were used to 

calculate the joint tTS and tAS factors that corresponded to each mixture test temperature and 

aging level using Equation (36). The reduced frequency values were then calculated using 

Equation (37) and input to Equation (38) to predict the dynamic modulus values as a function of 

age and temperature. 

The predicted dynamic modulus values were compared against the measured dynamic 

modulus data; Figure 47 presents the results. Figure 47 (a) and Figure 47 (b) show the 

discrepancy between the measured and predicted dynamic modulus data in the reduced 

frequency domain in semi-log and log-log scales, respectively for one mixture (NCAT) for 

illustration. The lines in these graphs represent that the sigmoidal model predictions and the data 

points correspond to the measured dynamic modulus data as a function of the reduced 

frequencies calculated using Equations (36) and (37). Figure 47 (a) and Figure 47 (b) show that 

the Pavement ME scheme introduces errors in the isotherm shifting at the short-term aging 

condition because the data do not form a smooth curve at the high reduced frequencies/low 

temperatures. However, qualitatively speaking, the shift is reasonable overall in the case of short-

term aging. For the long-term aging data, the tTS and tAS are ill-defined due to the poor collapse 

after shifting. These trends also were observed for all the other mixtures and aging levels 
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considered. The implications of using Equation (36) to define the tTS and tAS are further 

demonstrated in Figure 47 (c) and Figure 47 (d) where the predicted and measured dynamic 

modulus values are compared for all of the mixtures evaluated in semi-log scale and log-log 

scale, respectively. The widespread and slight under-prediction bias highlights the need for an 

improved approach to predict the increase in asphalt mixture modulus as a function of the 

increase in asphalt binder dynamic shear modulus that is due to aging.    

 

Figure 47. Comparison between predictions and measurements of dynamic modulus values 

for (a) NCAT mixture in frequency domain and semi-log scale, (b) NCAT mixture in 

frequency domain and log-log scale, (c) all considered mixtures in semi-log scale, and (d) all 

considered mixtures in log-log scale. 

6.2.2.1.3 Use of Separate Functional Forms for tTS and tAS Factors 

Before considering other functional forms, the implications of using Equation (36) to 

model the temperature dependence of the tTS factors and the age dependence of the tAS factors 

separately were studied. In this approach, it is theorized that the time and temperature 
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equivalence is captured entirely through the tTS factor, which is independent of aging, and that 

all the aging effects are manifest in the tAS factor. If this approach, i.e., using Equation (36) for 

the tAS factor or a similar equation, can be proven to be applicable, then the tTS factor and the 

modulus mastercurve can be characterized using short-term aging mixture data. Then, the tAS 

factor can be known by simply measuring/predicting the changes in the dynamic shear modulus 

that are due to oxidative aging.  

Equation (36) can be modified to include only the tTS factor, as shown in Equation (39). 

The properties of the eleven mixtures evaluated were coupled with the extracted and recovered 

binder properties at the short-term aging level. A 64°C reference temperature was used to be 

consistent with the PAM, which yields log |G*| at 64°C and 10 rad/s for a specific field-aged 

condition and pavement depth.   

, ,10 / , ,10 /log( ) (log | * | log | * | )T T STA T rad s STA Tref rad sa c G G     (39) 

where 

aT   = mixture tTS factor at temperature, T,  

cT  = fitting parameter,  

|G*|STA,T,10rad/s  = dynamic shear modulus at a short-term aging condition and at T and 10 rad/s, 

and  

|G*|STA,Tref,10rad/s  = dynamic shear modulus at a short-term aging condition and at a reference 

temperature and 10 rad/s. 

For this investigation, shifting was again conducted in the storage modulus (Eʹ) domain 

rather than in the dynamic modulus |E*| domain. The functional form used to characterize the 

storage modulus mastercurve is a sigmoidal function analogous to that used in Pavement ME to 
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describe the dynamic modulus mastercurve, as shown in Equation (24). A second-order 

polynomial is known to be able to describe the temperature dependence of tTS factors precisely 

(Witczak 2005). Therefore, optimized tTS factors were obtained by simultaneously fitting the 

sigmoidal coefficients and tTS factor function parameters in Equation (26) using a nonlinear 

optimization scheme.   

To check the validity of Equation (39) to describe the temperature dependence of the tTS 

factors, the optimized tTS factors obtained as described earlier along with the difference in log 

|G*| values were used to calibrate the fitting parameter, c. The tTS factors were then calculated 

based on the calibrated c and the difference in log |G*| values to check whether Equation (39) is 

able to predict the tTS factors that were used to calibrate it. The extracted and recovered binder 

log |G*| values were calculated at each mixture test temperature and at 10 rad/s as obtained using 

the fitted mastercurves and the difference between the log |G*| values at 64°C and each mixture 

test temperature.  

Figure 48 (a) shows the relationship between the tTS factors and the difference in log 

|G*| values for two representative mixtures (NCAT and LTX). Although a strong relationship is 

evident between the optimized tTS factors and the difference in log |G*| values, the discrepancy 

observed between the measured points (optimized shift factors) and the fitted lines is significant 

enough to disturb the isotherm shift needed to form a smooth storage modulus mastercurve; this 

phenomenon is evident in Figure 48 (b) through Figure 48 (e). Thus, Equation (39) cannot 

produce as reliable a tTS factor as the phenomenological-based second-order polynomial 

function. Parametric optimization of the variables in Equation (24) can be carried out 

simultaneously with those in Equation  (26) using short-term aging data through a nonlinear 

optimization scheme, as previously described. 
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Figure 48. (a) Relationship between time-temperature shift factors and difference in log 

|G*| values, (b) NCAT shift using optimized log (aT), (c) NCAT shift using predicted log 

(aT), (d) LTX shift using optimized log (aT), and (e) LTX shift using predicted log (aT). 

Next, the applicability of Equation (36) to the tAS factor in isolation of the tTS factor 

was investigated. As opposed to the tTS factors, the tAS factors need to be linked to the changes 

in binder properties with aging. Equation (36) becomes Equation (40) when written in terms of 

tAS alone. 

mod , ,10 / , ,10 /log( ) (log | * | log | * | )A ulus LTA Tref rad s STA Tref rad sa c G G     (40) 
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where 

aA  = time aging shift factor,  

c  = fitting parameter,  

|G*|LTA, Tref, 10rad/s  = dynamic shear modulus at a certain long-term aging condition and at the 

reference temperature and 10 rad/s, and  

|G*|STA,Tref,10rad/s  = dynamic shear modulus at the reference short-term aging condition and at 

the reference temperature and 10 rad/s.  

A similar approach was adopted to evaluate the tAS factor as was used to examine the 

tTS factor. First, the short-term aging mastercurve and associated tTS function were determined. 

Then, the tTS factors from the short-term aging analysis were assumed to be equal to those at 

each long-term aging condition and were used to construct individual mastercurves for each 

aging level. An algorithm was then developed to determine the optimized tAS factors by 

systematically shifting the long-term aging storage modulus (Eʹ) mastercurves to coincide with 

the reference short-term aging mastercurve. The algorithm finds the difference in reduced 

frequency between a point on the long-term aging mastercurve and a corresponding point on the 

short-term aging mastercurve with an equal modulus value. A similar procedure was conducted 

for each measured point, resulting in a vector of tAS factors that were then averaged to obtain the 

representative tAS shift factor for that aging level. Figure 49 (a) and (b) show the storage 

modulus mastercurve shift at each aging level (for only one mixture – NCAT – for illustration) in 

semi-log scale and log-log scale, respectively. Note that here the sigmoidal fit is that of the short-

term aging condition.  
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Figure 49. Storage modulus (Eʹ) mastercurve shift to obtain tAS factors in (a) semi-log 

scale and (b) log-log scale. 

The tAS factors obtained using this procedure were plotted against the difference in log 

|G*| values, similar to the plot given in Figure 48 (a) for the tTS factors. The data needed to 

create this relationship include the mixture storage modulus mastercurves at short-term aging and 

other aging levels and the binder shear modulus at short-term aging and other aging levels at 

64°C and 10 rad/s. The binders here were extracted and recovered from laboratory-aged mixtures 

and tested using the DSR.  

Figure 50 illustrates the strong relationship between the tAS factors and the difference in 

log |G*| values for two mixtures (NCAT and LTX). A similar exercise to that carried out for the 

tTS factors was conducted here, whereby the significance of the difference observed between the 

measured points (optimized shift factors obtained using the algorithm) and the fitted line on the 

smooth mastercurve shift was studied. Figure 51 (a), (b), (d), and (e) present the results for the 

two mixtures. These results suggest that the tAS factors are not sensitive to the differences 

observed in Figure 50 between the optimized and predicted log(aA) values. This finding also 

entails that Equation (40) is valid for characterizing the age dependence of tAS factors based on 

the changing binder properties with aging. Note that the sigmoidal fit shown is that of the short-

term aging condition.  
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The results also demonstrate that Equation (26) and Equation (40) should be used for the 

tTS factors and tAS factors, respectively. Because the short-term aging storage modulus data can 

be used to fit the sigmoidal function and tTS factor function, the tAS function is the only other 

component that is needed to predict the storage modulus at any other aging level given an aging 

model to predict the dynamic shear modulus evolution with aging. With the dynamic shear 

modulus known, either measured in the laboratory as demonstrated in the previous analysis or 

predicted using the PAM, the fitting parameter c is effectively the only parameter needed to 

predict the long-term aging storage modulus value.  

Note that, because the short-term aging data are used to fit the sigmoidal function and the 

tTS factor function, only one set of tTS factors needs to be applied across all age levels. In other 

words, the tTS factors are assumed to remain constant with aging. This assumption is 

contradictory to the results shown in Figure 42 that show the change in tTS factor function with 

aging; nonetheless, it is a necessary assumption for this analysis approach. 

During this investigation, an interesting correlation was observed. Figure 50 shows the 

tAS and tTS factor values with respect to differences in the logarithm of the dynamic shear 

modulus; a close correlation between these two functions is evident. Recall that Pavement ME 

supposes that both functions are the same, and Figure 50 provides some data to support that 

supposition, at least as an approximation. Of course, the error in the approximation is somewhat 

large when both tAS and tTS are included because, as the previous analysis shows, slight 

deviations can translate into large discrepancies in the continuity of the individual isotherms. 

Nevertheless, this correlation may be accurate enough to calculate the c variable for the tAS 

factor and thus eliminate the need for dynamic modulus testing of long-term aged mixtures. 

Figure 51 (c) and (f) show the potential errors associated with using this approximation. Table 26 
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shows the differences between c values when c is calibrated using measured dynamic shear 

modulus values and when using tTS data. 

 

Figure 50. Relationship between time-aging shift factors and time-temperature shift factors 

versus the difference in log |G*|. 

 

 

Figure 51. (a) NCAT shifting using optimized log(aA), (b) NCAT shifting from fitting of 

log(aA) vs. difference in log |G*|, (c) NCAT shifting from fitting of log(aT) vs. difference in 

log |G*|, (d) LTX shifting using optimized log(aA), (e) LTX shifting from fitting of log(aA) 

vs. difference in log |G*|, and (f) LTX shifting from fitting of log(aT) vs. difference in log 

|G*|. 
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Table 26. Fitting Parameter Estimates for Time-Aging Shift Factor Function for 

Mastercurve Predictions. 
 

Optimized fitting parameter (from 

measured time-aging shift factor 

relationship with difference in log 

|G*| values) 

Estimated fitting parameter (from 

time-temperature shift factor 

relationship with difference in log 

|G*| values)  

RS9.5B 0% 1.27 1.55 

RS9.5B 30% 1.77 1.71 

RS9.5B 50% 1.80 1.93 

FC12.5D 1.76 1.92 

ARC 1.28 1.69 

LTX 1.00 1.40 

LSD 1.22 1.52 

LWA 1.31 1.56 

NCAT N10 2.43 2.44 

MnRd C. 21 1.36 1.66 

ACTRL 1.03 1.42 

 

Using the estimated c values from log(aT) versus the difference in log |G*| values, the 

storage modulus was predicted for each mixture at multiple aging levels and at various 

temperatures (4°C, 20°C, and 40°C) and frequencies (0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz, and 25 

Hz). Figure 52 (a) and Figure 52 (b) show LOE plots with 576 points that were generated to 

compare the predicted and measured storage modulus values. Both figures show good agreement 

between the predicted and measured values with minimal spread around the LOE for all eleven 

mixtures at different aging levels.  

However, discrepancy is evident at high storage modulus values that correspond to the 

low temperature (4°C). Recall that short-term aging data are used to fit the sigmoidal function. 

That function is then shifted along the x-axis (reduced frequency) by a certain factor to match the 

desired aging level. The observed discrepancy exists because the predicted storage modulus 

values are generated based on the shifted sigmoidal function, which, in this study, was found to 

underestimate the modulus value at low temperatures when coupled with the Hirsch model. 
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Therefore, to investigate the difference between the measured and predicted storage modulus 

values without the misleading sigmoidal extrapolation effect (i.e., to investigate only the tAS 

predictive accuracy), the measured short-term aging storage modulus data themselves were 

shifted and compared against the measured long-term aging storage modulus data. Linear 

interpolation between the shifted short-term aging data points was conducted to determine the 

storage modulus values at reduced frequencies that correspond to the measured long-term aging 

data points. Figure 52 (c) and Figure 52 (d) present comparisons between the measured long-

term aging storage modulus values and interpolated (or predicted) storage modulus values with 

440 data points. Both figures demonstrate that the discrepancy is indeed due to the sigmoidal 

extrapolation. The good agreement and small spread around the LOE indicate that using 

Equation (40) with c values estimated from the log(aT) versus difference in log |G*| relationship 

to calculate the tAS factors and using Equation (26) that is calibrated based on mixture short-

term aging data to calculate the tTS factors provide good storage modulus predictions with 

aging. Another functional form for fitting short-term aging storage modulus data can be 

considered in future work to mitigate the issue observed in the storage modulus extrapolation at 

high reduced frequencies. 

The tTS and tAS factors obtained from shifting in the storage modulus domain were 

applied within the dynamic modulus domain to evaluate the established AMAC’s accuracy, as 

these factors represent the primary inputs for ME pavement analysis frameworks. The measured 

dynamic modulus values at short-term aging were shifted and compared against the measured 

long-term aging dynamic modulus data. A similar interpolation method to that described above 

was followed to formulate the comparisons between the measured and predicted dynamic 

modulus data shown in Figure 52 (e) and Figure 52 (f). Again, the agreement and small spread 
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around the LOEs demonstrate that the tAS factor using Equation (40) and assuming that tTS 

factors do not vary with aging (i.e., use of tTS factors for all age levels obtained from short-term 

aging data using Equation (26)) provides good dynamic modulus predictions with aging. 

Because the tAS factors are not sensitive to the c values used in Equation (40), an 

average c value of 1.71 was used in this study to calculate the tAS factors and make the 

predictions. As shown in Figure 52 (a) and Figure 52 (b), the spread increases along the LOE, 

but the agreement remains good. The advantage of using a universal c value is testing ease. No 

binder dynamic shear modulus measurement is needed to make storage modulus and dynamic 

shear predictions with aging. The decrease in the predictive accuracy is considered acceptable 

nonetheless, given the benefits of testing simplicity. Note that the universal shift datasets 

presented in Figure 52 (a) and (b) constitute a circular prediction, i.e., the same mixtures are used 

to calibrate the universal shift factor as those shown graphically in Figure 52 (a). Although the 

data look good overall, additional independent validation would strengthen confidence in the 

universality of the constant. 
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Figure 52. Comparison of measured and predicted storage modulus (Eʹ) values in (a) 

arithmetic scale and (b) log-log scale; comparison of measured and predicted Eʹ values 

independent of sigmoidal extrapolation in (c) arithmetic scale and (d) log-log scale; and 

comparison of measured and predicted dynamic modulus (|E*|) values independent of 

sigmoidal extrapolation in (e) arithmetic scale and (f) log-log scale. 

6.2.2.1.4 Summary 

In summary, two methods can be employed to predict the storage modulus or dynamic 

modulus at any laboratory or field aging level using the PAM combined with the asphalt mixture 

mastercurve at the short-term aging condition. These two methods are defined as ‘Level 1’ and 

‘Level 2’ herein. Level 1 provides greater storage modulus or dynamic modulus predictive 
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accuracy, whereas Level 2 leads to less accurate storage modulus or dynamic modulus 

predictions but provides ease of use. For Level 1 analysis, either short-term aging dynamic shear 

modulus values at 10 rad/s at mixture test temperatures or temperature-frequency sweep data for 

dynamic shear modulus mastercurve construction at the short-term aging condition is needed to 

calibrate the fitting parameter (c) in Equation (40). For Level 2 analysis, no additional testing is 

needed and a universal c value of 1.71 is used.  

6.2.2.2 Development of Framework to Predict Changes in Mixture Fatigue Properties with 

Aging 

The prediction of fatigue properties involves the prediction of the damage characteristic 

curve and the failure criterion DR. A similar concept to the mastercurve shifting process 

presented earlier is used here to predict the damage characteristic curve, where a shift factor is 

defined in terms of the change in log |G*|, as shown in Equation (41).  

, ,10 / , ,10 /log( ) (log | * | log | * | )A fatigue LTA Tref rad s STA Tref rad sa n G G    (41) 

where 

aA  = shift factor for the damage characteristic curve,  

n  = fitting parameter,  

|G*|LTA,Tref,10rad/s  = dynamic shear modulus at a certain long-term aging condition and at 

reference temperature and 10 rad/s, and  

|G*|STA,Tref,10rad/s  = dynamic shear modulus at reference short-term aging condition and at 

reference temperature and 10 rad/s.  

The shift factors for the modulus mastercurves presented earlier are obtained by shifting 

the long-term aging mastercurve to the reference aging condition for short-term aging. Here, the 

long-term aging damage characteristic curves are shifted to a reference aging condition of short-
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term aging by rescaling the damage S, as shown in Equation (42). An algorithm was developed 

to shift the damage characteristic curves systematically in the C versus log (S) space so that they 

align at C values between 0.4 and 0.6. The obtained optimized shift factors along with the 

difference in log |G*| values were used to calibrate n in Equation (41).  

/r AS S a  (42) 

where 

Sr  = rescaled/reduced S,  

S  = amount of damage in the specimen, and  

aA  = shift factor for the damage characteristic curve.  

Figure 44 shows the damage characteristic curves prior to shifting. Figure 53 shows the 

damage characteristic curves shifted to a reference aging condition of short-term aging for two 

representative mixtures, NCAT and LTX. The last point in each damage characteristic curve 

shown in Figure 53 corresponds to the average number of failure cycles obtained from multiple 

tests conducted at a specific aging condition. To achieve the shift using the developed algorithm, 

extrapolation was undertaken using Equation (30) to elongate the damage characteristic curves to 

include C values at around 0.4.  
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Figure 53. Shifting damage characteristic curves to reference aging condition of short-term 

aging in (a) C vs. log (S) space for NCAT, (b) C vs. S space for NCAT, (c) C vs. log (S) space 

for LTX, and (d) C vs. S space for LTX. 

The shift factors obtained from this procedure were plotted against the difference in log 

|G*| values (i.e., log |G*|LTA,Tref,10rad/s – log |G*|STA,Tref,10rad/s). The data needed to create this 

relationship include the mixture damage characteristic curves at short-term aging and long-term 

aging conditions as well as the binder dynamic shear modulus at short-term aging and other 

aging levels at 64°C and 10 rad/s. The binders used herein were extracted and recovered from the 

conditioned mixtures and tested using the DSR. Figure 54 illustrates the relationship between the 

shift factor and the difference in log |G*| values for all mixtures. The slopes of the lines in 

Figure 54 represent the parameter n in Equation (41). 
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Figure 54. Relationship between damage characteristic curve shift factors and difference in 

log |G*| values. 

Obtaining n directly for a given mixture requires cyclic fatigue testing at multiple age 

levels, which is not practical. Thus, several attempts were made to estimate the parameter n for 

the shift factor equation. The best predictions were obtained by assuming a universal n value of 

0.2025 based on the averaged n value measured from the study mixtures. The universal n value, 

mixture cyclic fatigue test results at the short-term aging condition, and PAM predictions of log 

|G*| allow the shift factor aA in Equation (41) to be calculated, which then allows the damage 

characteristic curve to be predicted as a function of age level using Equation (43). 
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S  = amount of fatigue damage in the specimen,  

C11, C12  = fitting parameters of short-term aging damage characteristic curve, and  

aA  = shift factor for damage characteristic curve for certain long-term aging conditions 

with universal n = 0.2025. 

Table 27 presents the n values calculated for each mixture. These values range from 0.13 

for FC12.5D to 0.27 for RS9.5B30% with a mean of 0.2025, median of 0.203, and standard 

deviation of 0.04. Based on Figure 54, some variability is evident in the n values among the 

mixtures and for the data points within a mixture. 

Table 27. Fitting Parameter Estimates for Shift Factor Function for Damage Characteristic 

Curve Predictions. 

Mixture ID 

Optimized n (from measured damage 

characteristic curve shift factor 

relationship with difference in log 

|G*| values 

RS9.5B 0% 0.199 

RS9.5B 30% 0.266 

RS9.5B 50% 0.203 

FC12.5D 0.129 

ARC 0.158 

LTX 0.197 

LSD 0.228 

LWA 0.156 

NCAT N10 0.216 

MnRd C.21 0.243 

ACTRL 0.232 

 

Figure 55 presents a comparison of the predicted (shown in dashed lines and labeled with 

‘P’ in the legend) and measured (shown in solid lines and labeled with ‘M’ in the legend) 

damage characteristic curves for all eleven mixtures evaluated in this study. Note that the data 

shown in Figure 55 constitute a circular prediction, i.e., the same mixtures are used to calibrate 
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the universal shift factor as are shown graphically in Figure 55. Although the data look good 

overall, additional independent validation would strengthen confidence in the universality of the 

constant. 
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Figure 55. Comparisons of measured (solid lines) and predicted (dashed lines) damage characteristic curves for (a) RS9.5B 

0%, (b) RS9.5B 30%, (c) RS9.5B 50%, (d) FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and 

(k) ACTRL. 
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The change in the failure criterion, DR, can also be predicted as a function of aging level, 

which in this analysis is based on changes in log |G*| due to aging. At time zero, the predicted DR 

must be equal to the measured short-term aging value. As the aging level increases, and 

accordingly the log |G*| also increases, the predicted DR is expected to decrease. The decrease in 

DR as a function of age is supported by the measured data shown in Figure 45. The predictive 

equation for DR must also reach a constant minimum value at the maximum attainable log |G*| 

value, which according to PAM is a value of 4.5 kPa specifically for field aging conditions 

(Chapter 4). Recall from Chapter 4 that, based on a small pilot study, the highest log |G*| value 

at 64°C, 10 rad/s that could be obtained through direct testing was less than 4.5 kPa. In that 

experiment, the binder aged for longer durations crumbled into pieces upon handling and could 

not be formed into a sample for testing. Therefore, although the modulus of such material might 

theoretically continue increasing upon aging, the material loses integrity and ceases to have any 

meaningful performance. In order to meet the above condition for DR prediction (equal to DR
STA 

at time zero, decreases with increasing aging level, and reaches a minimum value at the 

maximum attainable log |G*|), Equation (44) is established.  

  
, ,10 /1.44 log| *| 4.5

max log| *| log| *|
( 0.1)

LTA Tref rad sG

G GR R R
LTA STA STAD D D e

 
 
 



 
     (44) 

where 

max log | *|G  = , ,10 /4.5 log | * |STA Tref rad sG   

log | *|G   = , ,10 / , ,10 /log | * | log | * |LTA Tref rad s STA Tref rad sG G   

The above equation yields a minimum value of 0.1 for the maximum log |G*| of 4.5 kPa. 

Note that the minimum measured DR value was found to be 0.18 for mixture FC12.5D aged for 
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17 days in the oven at 95°C. A separate sensitivity analysis involving a pavement performance 

analysis software is needed to optimize the minimum DR value. Such a study is outside the scope 

of this report.  

To optimize Equation (44) , the ACTRL data at all aging levels and LTX data at four 

days of aging were excluded because DR did not follow the expected decreasing trend with 

increasing aging level, as shown in Figure 45 (k) and (f) for ACTRL and LTX, respectively. The 

parameter obtained from this optimization is considered universal and can be applied to all the 

other mixtures (i.e., excluding ACTRL and LTX).  

To predict DR at any aging level using Equation (44), the data needed include the DR 

values at short-term aging and the difference in log |G*| values. Figure 56 shows the predicted 

DR values plotted against the measured DR values. The excluded ACTRL and LTX values are 

shown in gray. As demonstrated, the predictions are at times significantly off from the 

measurements (difference > 0.1), considering the DR variation threshold of ± 0.04 reported by 

Wang and Kim (2017). Although this discrepancy might have implications for performance 

predictions, the decreasing trend of the predicted DR values with age will at least still allow the 

integration of the effect of aging on the fatigue resistance in FlexPAVE™. Figure 57 shows the 

decreasing trend of DR with increasing aging level (increasing change in log |G*|) with the 

measured values shown in blue diamonds and the predicted values shown by the solid line. Note 

that the data shown in Figure 56 constitute a circular prediction, i.e., the same mixtures are used 

to calibrate Equation (44) as are shown graphically in Figure 56. 
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Figure 56. Predicted DR values compared to measured DR values. 
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Figure 57. Comparisons of measured (data points) and predicted (solid lines) DR for (a) RS9.5B 0%, (b) RS9.5B 30%, (c) 

RS9.5B 50%, (d) FC12.5D, (e) ARC, (f) LTX, (g) LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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6.2.2.3 Summary of the AMAC Model 

A framework was developed that can be used to predict the changes in asphalt mixture 

properties due to long-term aging when knowing (1) the mixture short-term aging properties, 

whether measured or alternatively obtained, and (2) the log |G*| of the binder at LTA level of 

interest at 64°C, 10 rad/s. The PAM (described in Chapter 4) can be used to predict the required 

log |G*| at any LTA condition. The changes in asphalt mixture properties that can be predicted 

using this framework include the dynamic modulus, the damage characteristic curve, and the DR 

failure criterion.  

For the mixture modulus, the sigmoidal fit at short-term aging can be used to predict the 

modulus at other aging levels using the time-aging superposition concept. The tAS factor 

function is shown in Equation (40). Two levels are available to estimate the fitting parameter c in 

Equation (40). First, and most accurately, c can be estimated to be the slope of the line that 

passes through zero when plotting log (aT) versus the difference in log |G*| values at the short-

term aging condition (an example is given in Figure 50). This approach requires knowing the 

short-term aging log |G*| value at 10 rad/s at mixture test temperatures. The second approach 

assumes a constant c that is equal to 1.71 for any mixture. The tTS factors are assumed to be 

constant with aging and equal to the tTS factors obtained from short-term aging. Both the tTS 

and tAS factors are used to calculate a reduced frequency following Equation (37) that then is 

used within the sigmoidal function to predict the mixture modulus at a given long-term aging 

condition. For the damage characteristic curves, Equation (41) is used to calculate a tAS factor 

that is used to shift the damage characteristic curves for short-term aging to any long-term aging 

condition of interest following Equation (43). Note that the parameter n in Equation (41) is 
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constant for any mixture and is equal to 0.2025. For DR, Equation (44) is used to calculate DR at 

a given long-term aging condition of interest. 

6.2.3 Pavement Performance Simulations using FlexPAVETM V1.1 

Figure 58 presents the FlexPAVETM V1.1 simulation results with integration of the 

effects of aging. In each sub-figure, the % total damage, the % top damage, and the % bottom 

damage are shown for each condition (with/without aging and with/without thermal loading). 

‘Total damage’ refers to the damage calculated using the entire reference cross-sectional area of 

the pavement; ‘top damage’ refers to the damage calculated using the top part of the total 

reference area; and ‘bottom damage’ refers to the damage calculated using the bottom part of the 

total reference area, as defined by Kim et al. (2022) and shown in Figure 37.  

Note that damage here does not correspond to cracking. An empirical transfer function 

would have to be used to translate percent damage to percent cracking, which is beyond the 

scope of this study. Table 28 presents the final percentage of damage after 15 years for each 

condition.  

The trends presented in Figure 58 indicate that the changes in the mixture properties over 

time do not have a significant effect on pavement performance if thermal stress is not considered, 

as shown by comparing the orange lines (with aging) to the blue lines (without aging) in Figure 

58.  

Traffic loading affects the entire pavement section. The magnitude of the induced stress 

in traffic loading depends on the asphalt mixture’s stiffness and its ability to relieve the traffic 

stress. The mixture’s modulus value and viscosity are measured using dynamic modulus tests 

and expressed through stiffness and phase angle mastercurves. Although aging makes the 

material stiffer, which in turn reduces the induced traffic stress, aging also embrittles asphalt 
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mixtures. The reduction in traffic stress helps to reduce cracking susceptibility, but the brittleness 

increases cracking susceptibility. 

However, when thermal loading is included in the computations, the observed damage 

increases significantly, as shown by comparing the blue (without thermal) and green (with 

thermal) lines in Figure 58 for the simulations without aging to the red (with thermal) and orange 

(without thermal) lines for simulations with aging. The asphalt mixture’s resistance to thermal 

loading depends on the induced stress, the ability of the material to relieve the stress, and the 

ability of the material to resist the damage due to the induced stress. Thermal loading, which is 

like the loading used in a displacement-controlled test, affects the pavement surface. The 

magnitude of the induced thermal stress in thermal loading depends on the asphalt mixture’s 

stiffness. Aging increases the stiffness (i.e., increases the induced stress), decreases the phase 

angle (i.e., decreases the ability of the mixture to relieve the stress), and makes the material more 

brittle (i.e., decreases the tolerance of the material to damage). Accordingly, as pavement 

sections age, the deteriorating effect of thermal stress and the likelihood of top-down cracking 

both increase.  

The effect of aging was relatively small in the simulations without thermal stress (orange 

and blue lines) compared to those with thermal stress (red lines to the green lines). This finding 

highlights the importance of performing pavement simulations under realistic traffic and thermal 

loading. The last observation to be made from Figure 58 is that damage with aging manifests 

mainly as top damage (shown as dotted lines), which is expected, because aging affects the 

surface of the pavement the most. In some sections, such as NCAT N10 and FC12.5D, the top 

and bottom damage are both 100%. The evolution of the top damage is much faster than that of 
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the bottom damage although the percentage of damage at the end of the service life is the same 

(100%). 

Recall that for this study the FlexPAVETM V1.1 computational engine was updated to 

incorporate the evolution of asphalt mixture properties due to aging with respect to both time and 

pavement depth. The updated FlexPAVETM V1.1 divides the pavement life into small segments 

with fixed aging levels. FlexPAVETM V1.1 analysis assumes that the material properties do not 

change as a function of aging during each segment. The depth-dependence of aging was 

incorporated by creating sublayers throughout the pavement thickness. Each sublayer was 

assigned different mixture properties to reflect the aging gradient along pavement depth. Note 

that this methodology is a preliminary means to incorporate aging into FlexPAVETM V1.1 and is 

the cause for the discontinuities in percent damage shown in Figure 58. In Chapter 7, the 

evolution of mixture properties with time in FlexPAVETM V2.0 will be continuous rather than 

discrete.  
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Figure 58. Damage evolution with time: (a) RS9.5B 0%, (b) RS9.5B 30%, (c) RS9.5B 50%, (d) FC12.5D, (e) ARC, (f) LTX, (g) 

LSD, (h) LWA, (i) NCAT N10, (j) MnRd C.21, and (k) ACTRL. 
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Table 28. Percentage of Damage at End of 15-Year Simulation. 

Mixture ID 

With Thermal Loading No Thermal Loading 

Total 

Damage 

Bottom 

Damage 

Top 

Damage 

Total 

Damage 

Bottom 

Damage 

Top 

Damage 

RS9.5B 

0% 

Aging 40.05 7.40 60.78 2.20 5.67 0.00 

No Aging 7.76 6.43 8.61 2.47 6.36 0.01 

RS9.5B 

30% 

Aging 40.82 7.08 62.24 2.15 5.53 0.00 

No Aging 6.00 5.96 6.02 2.12 5.44 0.00 

RS9.5B 

50% 

Aging 72.96 30.38 100 2.82 7.25 0.00 

No Aging 49.31 8.90 74.97 2.57 6.62 0.00 

FC12.5D 
Aging 100 100 100 8.82 22.80 0.00 

No Aging 59.48 18.66 85.40 4.56 11.73 0.01 

ARC 
Aging 46.67 8.49 70.91 2.17 5.57 0.00 

No Aging 4.72 5.08 4.50 1.95 5.02 0.00 

LTX 
Aging 89.14 72.04 100 19.52 38.86 7.25 

No Aging 31.73 37.85 27.85 17.44 37.20 4.90 

LSD 
Aging 51.14 18.84 71.65 6.12 15.71 0.04 

No Aging 16.92 13.31 19.21 5.10 13.05 0.05 

LWA 
Aging 29.12 16.61 37.06 6.45 16.52 0.06 

No Aging 6.52 14.97 1.16 5.83 14.89 0.08 

NCAT 

N10 

Aging 100 100 100 6.08 15.65 0.01 

No Aging 81.11 51.38 100 4.32 11.11 0.00 

MnRd 

C.21 

Aging 65.69 23.10 92.74 3.47 8.93 0.01 

No Aging 30.93 9.56 44.50 2.99 7.67 0.01 

ACTRL 
Aging 50.56 27.17 65.42 10.16 25.55 0.39 

No Aging 19.62 29.83 13.15 12.18 29.70 1.05 

 

 SUMMARY 

A systematic aging study of eleven mixtures was conducted in this project. The study 

followed the long-term aging protocol proposed by the original NCHRP 09-54 whereby each 

mixture was subjected to different levels of aging. The linear viscoelastic properties and fatigue 

properties of the study mixtures were measured. The mixtures exhibited an increase in modulus 

value, a decrease in phase angle, and a change in tTS factors with aging. The fatigue analysis 

results show a general deterioration in performance for all the mixtures except one, ACTRL. The 
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deterioration is indicated by higher and shorter damage characteristic curves, lower DR values, 

and lower Sapp values in comparison to the short-term aging results.  

AMAC, a model to predict the mixture modulus and fatigue properties with long-term 

aging was also developed in this study. The coupling of AMAC with the dynamic shear modulus 

(|G*|) predictions using PAM is promising for use with new mechanistic-empirical pavement 

analysis software. AMAC was shown to be applicable to modern mixtures, including high RAP-

containing mixtures, polymer-modified mixtures, and mixtures with low PG binder. For 

prediction of linear viscoelastic properties, AMAC can be used at two levels. Both levels require 

the measurement of the mixture E’ (alternatively |E*| and phase angle) mastercurve under short-

term aging conditions. Level 1 requires having the binder dynamic shear modulus at STA at 

multiple test temperatures and at LTA level of interest at 64°C and 10 rad/s. The binder dynamic 

shear modulus at the long-term aging condition can be obtained by either measuring or 

prediction using the Pavement Aging Model discussed in Chapter 4. Level 2 does not require 

having binder dynamic shear modulus data at STA and instead uses a universal tAS factor. Level 

2 still requires the same dynamic shear modulus values at LTA level of interest at 64°C and 10 

rad/s. This universal tAS factor was calibrated based on eleven mixtures with different 

properties, including high RAP-containing mixtures, polymer-modified mixtures, and mixtures 

with low PG binder. Level 1 provides greater accuracy of the |E*| predictions, whereas Level 2 

provides relatively less accuracy in the |E*| predictions but provides ease of use. For prediction 

of fatigue properties, the binder dynamic shear modulus at LTA level of interest at 64°C and 10 

rad/s as well as the fatigue properties of the mixture at STA are needed. 

The effects of the evolution of the material properties on structural performance were 

studied using FlexPAVETM V1.1. The FlexPAVETM V1.1 computational engine was modified to 
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change the material properties to a stepwise incremental form. The output damage results from 

the FlexPAVETM V1.1 simulations suggest that the effect of aging on pavement performance is 

evident only when simulations with realistic traffic and climatic conditions are considered (both 

traffic and thermal loading). For traffic loading, which is similar to a stress-controlled test, the 

increased stiffness due to aging reduces the induced traffic stress, which decreases the cracking 

susceptibility. For thermal loading, which is similar to a displacement-controlled test, the 

increased stiffness due to aging increases the induced thermal stress, which increases the 

cracking susceptibility. Aging also decreases the phase angle (i.e., decreases the ability of the 

mixture to relieve the stress) and makes the material more brittle (i.e., decreases the tolerance of 

the material to damage), which increase the cracking susceptibility. The competition between 

increased stiffness and decreased durability due to aging as well as the applied traffic and 

thermal loading affect the percent of manifested damage. The above preliminary findings 

highlight the need to consider both traffic and thermal loading in pavement performance 

simulations and suggest that aging does contribute to the deterioration of pavements. Finally, 

Figure 59 is a flow chart that summarizes the use and inputs required for AMAC and PAM.  
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Figure 59. Flow chart summarizing inputs required for PAM and AMAC 
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CHAPTER 7. IMPLEMENTATION OF OXIDATIVE AGING EFFECTS IN 

FLEXPAVETM V2.0 

 OVERVIEW 

This chapter presents details regarding the implementation of the PAM and AMAC 

models in FlexPAVETM V2.0. In addition, this chapter takes a closer look at the existing 

methodology of superposing the effects of traffic and thermal loading in FlexPAVETM V1.1 and 

considers alternative methodologies for possible implementation in FlexPAVETM V2.0 alongside 

the effects of oxidative aging.  Finally, a new definition for percent damage is proposed for 

implementation in FlexPAVE TM V2.0 to better represent the effects of oxidative aging and 

thermal loading on pavement performance.  

 IMPLEMENTATION OF OXIDATIVE AGING EFFECTS  

7.2.1 Background 

FlexPAVETM V2.0 is a structural analysis tool that is based on Fourier finite element 

analysis in C++ language. FlexPAVETM V2.0 predicts the pavement performance under any 

traffic and climate conditions. The models integrated within FlexPAVETM V2.0 include the 

2S2P1D model to characterize the linear-viscoelastic properties, the Simplified Viscoelastic 

Continuum Damage Model (S-VECD) to characterize the cracking resistance under traffic and 

thermal loading, the shift model to characterize the rutting resistance, and the Pavement Aging 

Model (PAM) and the Asphalt Mixture Aging-Cracking (AMAC) model to capture the change in 

material properties with oxidative aging. 

The following is a list of differences between FlexPAVETM V1.1 and FlexPAVETM V2.0. 
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 FlexPAVETM V1.1 is written using MATLAB, while FlexPAVETM V2.0 is written using 

C++.  

 FlexPAVETM V1.1 uses a three-dimensional layered viscoelastic finite element analysis 

whereas FlexPAVETM V2.0 is based on Fourier finite element analysis. 

 The linear viscoelastic properties are inputted into FlexPAVETM V1.1 in the form of the 

Prony Series or the sigmoidal function, while the 2S2P1D model is used in FlexPAVETM 

V2.0. 

 FlexPAVETM V1.1 does not consider the effects of oxidative aging, while FlexPAVETM 

V2.0 incorporates the PAM and AMAC models.  

 FlexPAVETM V1.1 cannot capture the effect of load redistribution, while FlexPAVETM 

V2.0 can.  

 In FlexPAVETM V1.1, the pavement temperature profile is considered cyclic within a 

period of one year, while FlexPAVETM V2.0 considers the yearly variation in the 

pavement temperature profile throughout the pavement life.  

 In FlexPAVETM V1.1, the response calculation is performed for the first year of the 

pavement life, while in FlexPAVETM V2.0, response calculation is performed for each 

year of the pavement life.  

 FlexPAVETM V2.0 considers the variation of the coefficient of thermal 

contraction/expansion with respect to the temperature, while FlexPAVETM V1.1 does not.  
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 FlexPAVETM V1.1 involves superposing the stress and strain components that are 

induced by traffic loading and by thermal loading, whereas this Chapter later shows that 

superposing the traffic stress components with the tensile stress components induced by 

thermal loading might be a better approach to use in FlexPAVETM V2.0.  

  FlexPAVE™ V1.1 uses two overlapping triangles to form a reference area within which 

the percent damage is calculated, while FlexPAVETM V2.0 makes use of the entire width 

of the pavement cross-section.  

7.2.2 Pavement Response Calculation for Traffic Loading 

FlexPAVETM V2.0 uses Fourier transform to calculate the pavement response under the 

moving traffic load. In general, there are two main factors that dictate the pavement response due 

to traffic load: (a) material properties and pavement structure and (b) loading shape and load 

configuration. The material properties are assumed to be viscoelastic for asphalt layers and linear 

elastic for elastic layers. Without the effect of oxidative aging, the material properties of asphalt 

layers (dynamic modulus, time-temperature shift factor coefficients, and damage-related 

parameters) are assumed constant with depth. However, the modulus values vary with depth 

because of the temperature profile as well as the pulse time. Consequently, the thickness of the 

pavement has a substantial effect on the stiffness of the system. With the incorporation of the 

effect of oxidative aging, the material properties of asphalt layers (dynamic modulus and 

damage-related parameters) vary with depth and with time.  

Temperature has a significant effect on the asphalt material stiffness, so FlexPAVETM 

V2.0 also considers the daily temperature variation in its calculation. Hourly changes in 

temperature are used for the analysis. Hourly climatic data can be obtained from NASA’s 
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Modern-Era Retrospective analysis for Research Applicants, Version 2 (MERRA-2) database 

(https://infopave.fhwa.dot.gov/Tools/MEPDGInputsFromMERRA). FlexPAVETM V2.0 provides 

the option of either using the data of the MERRA station closest to the project’s location 

(longitude and latitude) or interpolating data of the four closest MERRA stations to the project’s 

location. FlexPAVETM V2.0 then employs the Enhanced Integrated Climatic Model (EICM) to 

calculate the pavement temperature profile with pavement depth and time.  

FlexPAVETM V2.0 initiates the EICM analysis 11 months before the traffic opening date 

to account for transient effects associated with the initial values of pavement temperature with 

depth. The EICM analysis is also run for 10 years regardless of how long the pavement life is to 

obtain the required input for PAM.  

FlexPAVETM V2.0 conducts the analysis by dividing the pavement life into different 

stages/seasons, where each stage is characterized by seasonal or monthly variations in 

temperature. The length of a stage/season can range between 2 weeks and a few months, 

depending on the desired level of accuracy. Currently, FlexPAVETM V2.0 employs four 

stages/seasons with the following start dates: 

1. Stage/season 1: January 1 

2. Stage/season 2: April 1 

3. Stage/season 3: July 1 

4. Stage/season 4: October 1 

In addition, each stage/season is further divided into analysis segments, which represent 

the daily variation in temperature. An analysis segment is assumed to have a constant 

temperature as well as constant traffic load level and frequency. The length of an analysis 

https://infopave.fhwa.dot.gov/Tools/MEPDGInputsFromMERRA
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segment is a block of a few hours of the day. The number and length of the analysis segments 

depend on the desired level of accuracy.  Currently, FlexPAVETM V2.0 employs three segments 

with the following start times: 

1. Segment 1: 2 AM 

2. Segment 2: 10 AM 

3. Segment 3: 8 PM 

For analysis involving the effect of oxidative aging, FlexPAVETM V2.0 calculates the 

modulus for a given pavement depth at each stage/season, which is used to obtain the pavement 

response. A time-aging shift factor is calculated and used along with the time-temperature shift 

factor to calculate a reduced frequency. The reduced frequency is then used within the 2S2P1D 

model to determine the modulus. The time-aging shift factor function is shown in Equation (40). 

Table 29 below summarizes the 2S2P1D model parameters, the time-aging shift factor function 

parameters, and the PAM parameters. The table also shows where these parameters can be 

obtained from and the associated test methods that yield the necessary data. For more 

information regarding the inputs of PAM and AMAC, refer to Table 18, Table 19 and Figure 59.   
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Table 29. FlexPAVETM V2.0 2S2P1D, Time-Aging Shift Factor Function, and PAM Inputs. 

Model Parameter Obtained From Test Method 

2S2P1D 

δ 

FlexMATTM 

AASHTO TP 132 (38 mm 

diameter specimens) or 

AASHTO T 378 (100 mm 

diameter specimens) 

κ 

h 

β 

E00 

E0 

log (τΕ) 

AMAC – 

Time-Aging 

Shift Factor 

c 

FlexMATTM 

Level 1: |G*| temperature-

frequency sweep at STA 

Level 2: constant = 1.71 

log |G*|STA 

Level 1: Extraction and 

recovery from loose mixture 

Level 2: RTFO 

Level 3: Predict from binder 

PG 

log |G*|LTA 
PAM - FlexPAVETM 

V2.0 
See inputs for PAM 

PAM 

log |G*|STA FlexMATTM Level 1: Extraction and 

recovery from loose mixture 

Level 2: RTFO & 40-hr PAV 

Level 3: predict based on 

binder PG 

M FlexMATTM 

Hourly Pavement 

Temperature 

EICM - FlexPAVETM 

V2.0 
NA 

 

After calculating the pavement response in the frequency domain, the FlexPAVETM V2.0 

uses the inverse Fourier transform to bring the response back into the time domain. Since the 

yearly variation in pavement temperature profile (throughout the pavement depth) is considered 

in the analysis alongside the stress redistribution effects due to damage, the response calculation 

is performed for each year of the pavement life.  

7.2.3 Pavement Response Calculation for Thermal Loading 

FlexPAVETM V2.0 uses the hourly temperature variation for thermal stress calculation 

and considers the variation of the coefficient of thermal contraction/expansion with respect to the 

temperature (Keshavarzi 2019). FlexPAVETM V2.0 performs Fourier transform in the time 
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domain to find the temperature distribution in the frequency domain. After analyzing the 

pavement system under thermal loading, an inverse Fourier transform is applied to obtain the 

response in the time domain. The response calculation is performed for each year of the 

pavement life.  

7.2.4 Fatigue Calculation 

Similar to the pavement response calculation, the fatigue calculation is also performed for 

each year of the pavement life. Fatigue calculations are performed in two steps. 

1. Calculate the change in the pseudo stiffness value (i.e., ΔC) for one pass of traffic loading 

performed at the end of each analysis segment. The change in the pseudo stiffness is then 

extrapolated for all the traffic cycles of the segment.  

2. Calculate the damage factor and the final value of the pseudo stiffness at the end of each 

stage/season. The pseudo stiffness value is saved at the end of each stage to be used for 

the next stages.  

For analysis that excludes the effect of oxidative aging, the damage increases as the 

number of cycles increase according to a single measured damage characteristic curve. As 

damage grows, an asphalt element fails when the element reaches the maximum capacity. 

FlexPAVETM V2.0 utilizes the DR-based formulation to determine the maximum capacity of an 

element. In this formulation, FlexPAVETM V2.0 calculates the ratio of the difference between the 

intact material pseudo stiffness and the averaged absorbed pseudo stiffness for the experienced 

number of cycles to the absorbed pseudo stiffness up to failure. Figure 60 is an illustration of the 

damage growth as a function of the number of cycles, the failure envelop defined by the 

material’s measured DR value, and the maximum capacity as illustrated as the intersection point 

between the accumulated damage and the failure envelope.  
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Figure 60. Illustration of the damage growth as a function of the number of cycles until the 

maximum capacity is met for analysis excluding oxidative aging effects. 

For analysis that includes the effect of oxidative aging, the damage increases as the 

number of cycles increases according to a measured initial damage characteristic curve and 

predicted damage characteristic curves of age levels that pertain to each stage/season. 

FlexPAVETM V2.0 predicts the damage characteristic curve of a specific stage/season by 

calculating a shift factor that scales the S value. The shift factor function is shown in Equation 

(41).  

As damage grows, an asphalt element fails when the element reaches the maximum 

capacity. FlexPAVETM V2.0 utilizes the DR-based formulation to determine the maximum 

capacity of an element. For an analysis that incorporates the effects of oxidative aging, 

FlexPAVETM V2.0 predicts the DR value associated with each stage/season. The predictive 

function of DR with aging is shown in Equation (44).  

Figure 61 is an illustration of the two approaches of how DR with aging can be 

implemented. Each subfigure shows an illustration of the damage growth as a function of the 

number of cycles, the failure envelop defined by the material’s measured DR value for multiple 

age levels, and the maximum capacity illustrated as the intersection point between the 

Sum. (1-C)

Number of Cycles

Accumulated 

Damage

Failure 

Envelope Maximum 

Capacity



 

 

211 

accumulated damage and the failure envelope. The first approach considers each stage’s DR to be 

applicable to the entire life of the pavement. In this approach, the DR values corresponding to the 

previous stages are not considered in calculating the maximum capacity, which results in a short 

fatigue life or sudden failure. In the second approach, the DR of previous stages are considered in 

calculating the maximum capacity, which results in reasonable fatigue life. FlexPAVETM V2.0 

currently employs the second approach. In this formulation, FlexPAVETM V2.0 calculates the 

ratio of the difference between the intact material pseudo stiffness and the averaged absorbed 

pseudo stiffness for the experienced number of cycles to the absorbed pseudo stiffness of the 

material as oxidative aging effects accumulate. 

Table 30 below summarizes the initial fatigue property parameters, the time-aging shift 

factor function parameters, the DR predictive function parameters, and the PAM parameters. The 

table also shows where these parameters can be obtained from and the associated test methods 

that yield the necessary data. For more information regarding the inputs of PAM and AMAC, 

refer to Table 18, Table 19 and Figure 59.  

 

Figure 61. Illustration of two approaches of implementing the DR based failure criterion 

with aging in FlexPAVETM V2.0. 
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 Table 30. FlexPAVETM V2.0 Measured Fatigue, AMAC-Predicted Fatigue, and PAM 

Inputs. 

Model Parameter Obtained From Test Method 

Fatigue 

Parameters 

C11 

FlexMATTM 

AASHTO TP 133 (38 mm 

diameter specimens) or 

AASHTO TP 107 (100 mm 

diameter specimens) 

 

C12 

α 

DR 

AMAC – 

Damage 

Characteristic 

Curve Shift 

Factor 

Function 

log |G*|STA FlexMATTM 

Level 1: Extraction and recovery 

from loose mixture 

Level 2: RTFO 

Level 3: Predict from binder PG 

log |G*|LTA 
PAM - FlexPAVETM 

V2.0 
See inputs for PAM 

AMAC – DR 

Prediction 

DR
STA 

FlexMATTM 

AASHTO TP 133 (38 mm 

diameter specimens) or 

AASHTO TP 107 (100 mm 

diameter specimens) 

log |G*|STA 

Level 1: Extraction and recovery 

from loose mixture 

Level 2: RTFO 

Level 3: Predict from binder PG 

log |G*|LTA 
PAM - FlexPAVETM 

V2.0 
See inputs for PAM 

PAM 

log |G*|STA FlexMATTM Level 1: Extraction and recovery 

from loose mixture 

Level 2: RTFO & 40-hr PAV 

Level 3: Predict from binder PG 
M FlexMATTM 

Hourly 

Pavement 

Temperature 

EICM - FlexPAVETM 

V2.0 
NA 

 

Finally, the damage factor value is defined as the actual damage experienced to the 

maximum capacity of the pavement obtained from the DR curve. The damage factor is calculated 

for each nodal point and varies between 0 (no damage) and 1 (failure). 
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 SUPERPOSING TRAFFIC AND THERMAL LOADING EFFECTS 

7.3.1 Background 

The original methodology considered in combining the effects of traffic and thermal 

loading in FlexPAVETM V1.1 involves superposing the stress and strain components that are 

induced by traffic loading and by thermal loading. As a result of this methodology, a negative 

averaged thermal stress can diminish the damaging effect of the traffic stress, and the overall 

reasonableness of the pavement performance results with the incorporation of the PAM and 

AMAC models for oxidative aging effects. This behavior (i.e., negative average thermal stress) 

depends on the segment and stage and the associated temperature variation.  

Accordingly, other approaches of superposing the effects of traffic and thermal loading 

are considered for implementation in FlexPAVETM V2.0. These approaches can be summarized 

below:  

1. Approach 1: superpose the traffic stress components with the tensile stress components 

induced by thermal loading. 

2. Approach 2: superpose the damage components induced separately by the traffic and 

thermal loading. 

3. Approach 3: superpose the damage factor components induced separately by the traffic 

and thermal loading. 

To evaluate these approaches, pavement performance simulations using FlexPAVETM 

V2.0 incorporating each of these approaches are conducted. The asphalt material properties 

considered in these simulations are presented in the next section.  
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7.3.2 Materials 

7.3.2.1 National Center for Asphalt Technology (NCAT) Sections 

7.3.2.1.1 Pavement Structure and General Section Information 

Sections of the NCAT test track experiment (Research Cycle 2009) are considered. The 

goal of this NCAT experiment was to assess the performance and structural responses of 

pavements constructed with: 1) WMA technologies, 2) high percentages of RAP, and 3) the 

combination of WMA and high RAP content. Figure 62 is an illustration of the structure of each 

of the pavement sections considered while Table 31 shows details of the mixtures used in each 

section. Each section is composed of three layers: surface, intermediate, and base. The layers are 

numbered as: ‘1’ for surface, ‘2’ for intermediate, and ‘3’ for base. For example, C1 refers to the 

control mixture placed at the surface. The mixtures’ letter designations (C, FW, AW, R, and 

RW) are explained in Table 31. The traffic level of the NCAT experiment is 20 million ESALs 

over 4 years. 
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Figure 62. Pavement layer thickness of the NCAT test sections (Kim et al. 2022). 

Table 31. NCAT Test Track Asphalt Mixture Information (Kim et al. 2022). 

Label Description 
NMAS 

(mm) 

Binder 

Grade 

Air Void 

(%) 

Asphalt 

Content 

(%) 

NCAT 

Section 

NCAT-FW1 
WMA - 

Foaming 

9.5 PG 76-22 4.9 6.1 S10 

NCAT-FW2 19.0 PG 76-22 6.0 4.7 S10 

NCAT-FW3 19.0 PG 67-22 7.7 4.7 S10 

NCAT-AW1 
WMA - 

Advera 

9.5 PG 76-22 3.9 6.4 S11 

NCAT-AW2 19.0 PG 76-22 6.2 4.6 S11 

NCAT-AW3 19.0 PG 67-22 6.1 5.0 S11 

NCAT-C1 

Control 

9.5 PG 76-22 4.3 6.1 S8 

NCAT-C2 19.0 PG 76-22 6.1 4.4 S8 

NCAT-C3 19.0 PG 67-22 7.4 4.7 S8 

NCAT-RW1 50% RAP + 

WMA 

(Foaming) 

9.5 PG 67-22 5.0 6.1 N11 

NCAT-RW2 19.0 PG 67-22 5.8 4.7 N11 

NCAT-RW3 19.0 PG 67-22 5.8 4.6 N11 

NCAT-R1 

50% RAP 

9.5 PG 67-22 4.7 6.0 N10 

NCAT-R2 19.0 PG 67-22 6.1 4.4 N10 

NCAT-R3 19.0 PG 67-22 5.0 4.7 N10 
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7.3.2.1.2 Measured Material Properties 

The measured material properties (dynamic modulus in log-log and semi log scales, 

phase angle, DR, and the measured and fitted damage characteristic curves) of the NCAT 

mixtures are shown in Figure 63 through Figure 65. Figure 63 shows the properties of all the 

surface mixtures; Figure 65 shows the properties of all the intermediate mixtures; and Figure 85 

shows the properties of all the base mixtures. This set of data is a subset of a larger data set that 

was used to generate the preliminary transfer function for FlexPAVETM V1.1 (Wang et al. 2021). 

However, this dataset was reanalyzed using FlexMATTM V2.1 to generate outputs compatible 

with FlexPAVETM V2.0. For more details regarding the data and trends observed in comparing 

the mixtures to each other, the reader is referred to other publications (Wang et al. 2021, Kim et 

al. 2022).  



 

 

217 

 

Figure 63. Reanalyzed material properties of the NCAT surface mixtures using 

FlexMATTM V2.1. 
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Figure 64. Reanalyzed material properties of the NCAT intermediate mixtures using 

FlexMATTM V2.1. 
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Figure 65. Reanalyzed material properties of the NCAT base mixtures using FlexMATTM 

V2.1. 

The properties relating to PAM and AMAC for the effects of oxidative aging are shown 

in Table 32. Note that these parameters were generated based on Level 3 analysis, which is based 

on the virgin binder PG and the estimated RAP binder PG for mixtures containing RAP. More 

details on Level 3 analysis can be found in Chapter 4 and Chapter 5.   
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Table 32. PAM and AMAC Model Parameters for Use in FlexPAVETM V2.0. 

 Section ID c Log |G*|STA M 

FW-1 1.71 1.325 0.622 

FW-2 1.71 1.325 0.622 

FW-3 1.71 0.814 0.792 

AW-1 1.71 1.325 0.622 

AW-2 1.71 1.325 0.622 

AW-3 1.71 0.814 0.792 

C-1 1.71 1.325 0.622 

C-2 1.71 1.325 0.622 

C-3 1.71 0.814 0.792 

RW-1 1.71 1.973 0.587 

RW-2 1.71 2.039 0.575 

RW-3 1.71 2.039 0.575 

R-1 1.71 1.973 0.587 

R-2 1.71 2.039 0.575 

R-3 1.71 2.039 0.575 

 

7.3.2.1.3 Field Performance 

The amount of cracking measured by NCAT is reported in three separate categories for 

each pavement section: right wheel path (RWP), left wheel path (LWP), and the percentage of 

the cracked area within a lane, which is obtained either by calculating the length of simple cracks 

and multiplying by 1 foot or by directly calculating the area affected by complex cracking. The 

percentage of area cracked for each section were obtained from calculations done by other 

studies (Wang et al. 2021, Kim et al. 2022); only the ranking of the mixtures is reported here. 

Table 33 shows the ranking of the field performance of the NCAT Sections.   
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Table 33. Field Performance Ranking of NCAT Test Track Sections. 

Range: 1-5: 1 = worst; 5 = best 

Section ID Field Cracking Ranking 

FW 1 

AW 2 

C 3 

RW 4 

R 5 

 

7.3.2.2 Long-Term Pavement Performance (LTPP) Sections 

Two LTPP sections are considered; the first is from Texas and the second is from South 

Dakota. These two mixtures were presented and used in previous chapters, but their properties 

are shown again here in a different format for the convenience of the reader. Additional details 

regarding the LTPP sections and mixtures can be found in Table 20. Figure 66 shows a 

comparison of the material properties (dynamic modulus, phase angle, DR, and damage 

characteristic curves) of the two sections.  
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Figure 66. Measured material properties of the Texas and South Dakota LTPP mixtures. 

 

 

7.3.3 FlexPAVETM V2.0 Simulations 

7.3.3.1 NCAT Pavement Simulations 

Two sets of simulations were conducted using FlexPAVETM V2.0. The first set of 

simulations made use of the actual pavement structure associated with each section. A 10-inch 

aggregate base (Resilient Modulus = 30,000 psi; Poisson’s Ratio = 0.35) and an infinite subgrade 

(Resilient Modulus = 11,500 psi, Poisson’s Ratio = 0.35) were used alongside the three asphalt 

layers of each section. The traffic level considered is 20 million ESALs over 4 years. The 

climatic data is that of Anniston, Alabama.  
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For each section, eight simulations were conducted as follows:  

1. Traffic only; no thermal loading; no oxidative aging effects 

2. Traffic loading only; no thermal loading; with oxidative aging effects 

3. Traffic and thermal loading (Approach 1); no oxidative aging effects 

4. Traffic and thermal loading (Approach 1); with oxidative aging effects 

5. Traffic and thermal loading (Approach 2); no oxidative aging effects 

6. Traffic and thermal loading (Approach 2); with oxidative aging effects 

7. Traffic and thermal loading (Approach 3); no oxidative aging effects 

8. Traffic and thermal loading (Approach 3); with oxidative aging effects 

The second set of simulations used a single asphalt layer that is 3-inch thick. A 10-inch 

aggregate base (Resilient Modulus = 30,000 psi; Poisson’s Ratio = 0.35) and an infinite subgrade 

(Resilient Modulus = 11,500 psi; Poisson’s Ratio = 0.35) were also used alongside the single 

asphalt layer of each section. The surface asphalt mixture properties were used for the surface 

asphalt layer of the pavement.  

For each section, four simulations were conducted as follows:  

1. Traffic and thermal loading (Approach 1); no oxidative aging effects 

2. Traffic and thermal loading (Approach 1); with oxidative aging effects 

3. Traffic and thermal loading (Approach 2); no oxidative aging effects 

4. Traffic and thermal loading (Approach 2); with oxidative aging effects 

7.3.3.2 LTPP Pavement Simulations 

For the LTTP section simulations, the structure considered is a 7-inch thick asphalt 

pavement structure with a 10-inch aggregate base (Resilient Modulus = 30,000 psi; Poisson’s 
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Ratio = 0.35) and an infinite subgrade (Resilient Modulus = 30,000 psi; Poisson’s Ratio = 0.35). 

The traffic level considered is 20 million ESALs over 20 years. The climatic data of each section 

belongs to the respective location of the sections in Texas and South Dakota.  

For each section, three simulations were conducted as follows:  

1. Traffic loading only; no thermal loading; no oxidative aging effects 

2. Traffic and thermal loading (Approach 1); no oxidative aging effects 

3. Traffic and thermal loading (Approach 1); with oxidative aging effects 

7.3.4 Results and Analysis 

7.3.4.1 Comparisons Among Different Approaches of Superposing Traffic and Thermal 

Loading Effects 

Figure 67 through Figure 74 show the results of the 8 simulation types conducted for 

each section using the actual pavement structure. In each figure, all the NCAT sections are 

presented. For each section, the contours for damage and damage factor are shown. The contour 

represents the cross-section of the pavement where half a single axle with double tires (spaced 1 

ft apart) is simulated. The damage value ranges between 0 and 0.8, whereas the damage factor 

value ranges between 0 and 1.0. A higher numerical value is represented in yellow, signifying 

more damage/damage factor. A lower numerical value is represented in blue, signifying less 

damage/damage factor. The evolution of damage and damage factor at three locations in depth 

are also shown. The damage and damage factor were extracted from the center of the pavement 

at nodal points at the surface, half the depth of the asphalt layers, and at the bottom of the asphalt 

layers. 

To make conclusions about the approach that yields the most reasonable results, the 

sections were ranked based on the damage factor results for each type of simulation and the 
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ranking was compared to that obtained from the field performance. Table 34 shows a summary 

of the field performance ranking, the ranking from the 8 simulation types, as well as ranking 

obtained from FlexPAVETM V1.1.  

Approach 3 (simulations 7 and 8) resulted in extremely high damage factor values at 

early stages of the pavement life. This approach does not allow the performance of the sections 

to be distinguished and is thus disqualified. Approach 1 (simulations 3 and 4) and 2 (simulations 

5 and 6) rank the sections differently. Since Approach 1 matches the field performance ranking 

better than approach 2, this method is considered the best current approach of superposing the 

traffic and thermal loading effects. Note that the ranking produced by this approach is similar to 

that generated by FlexPAVETM V1.1 although Approach 1 is not the same as that which is 

implemented in FlexPAVETM V1.1. Recall that Approach 1 superposes the traffic stress 

components with the tensile stress components induced by thermal loading. On the other hand, 

FlexPAVETM V1.1 superposes the traffic stress components with the averaged thermal stress 

components.  

Table 34. NCAT Section Ranking Based on Field Performance, FlexPAVETM V2.0, and 

FlexPAVETM V1.1 Using Actual Pavement Structure. 

Range: 1 – 5; 1 = worst; 5 = best 

Section 

Field 

Cracking 

Ranking 

FlexPAVETM 2.0 Ranking 
FlexPAVETM 1.1 

Ranking 

1 2 3 4 5 6 7 8 Traffic 
Traffic + 

Thermal 

FW 1 3 2 2 2 4 4 - - 2 2 

AW 2 1 1 1 1 3 3 - - 1 1 

C 3 2 3 3 3 5 5 - - 3 3 

RW 4 4 4 4 4 2 2 - - 4 4 

R 5 5 5 5 5 1 1 - - 5 5 
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Figure 67. Simulation 1 (traffic only; no thermal loading; no oxidative aging effects) results for NCAT sections using actual 

pavement structure. 

FW (Sim.1) AW (Sim.1) C (Sim.1) RW (Sim.1) R (Sim.1)



 

 

227 

 

Figure 68. Simulation 2 (traffic loading only; no thermal loading; with oxidative aging effects) results for NCAT sections using 

actual pavement structure. 

FW (Sim.2) AW (Sim.2) C (Sim.2) RW (Sim.2) R (Sim.2)
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Figure 69. Simulation 3 (traffic and thermal loading (Approach 1); no oxidative aging effects) results for NCAT sections using 

actual pavement structure. 

FW (Sim.3) AW (Sim.3) C (Sim.3) RW (Sim.3) R (Sim.3)
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Figure 70. Simulation 4 (traffic and thermal loading (Approach 1); with oxidative aging effects) results for NCAT sections 

using actual pavement structure. 

FW (Sim.4) AW (Sim.4) C (Sim.4) RW (Sim.4) R (Sim.4)
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Figure 71. Simulation 5 (traffic and thermal loading (Approach 2); no oxidative aging effects) results for NCAT sections using 

actual pavement structure. 

FW (Sim.5) AW (Sim.5) C (Sim.5) RW (Sim.5) R (Sim.5)
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Figure 72. Simulation 6 (traffic and thermal loading (Approach 2); with oxidative aging effects) results for NCAT sections 

using actual pavement structure. 

FW (Sim.6) AW (Sim.6) C (Sim.6) RW (Sim.6) R (Sim.6)
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Figure 73. Simulation 7 (traffic and thermal loading (Approach 3); no oxidative aging effects) results for NCAT sections using 

actual pavement structure. 

FW (Sim.7) AW (Sim.7) C (Sim.7) RW (Sim.7) R (Sim.7)
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Figure 74. Simulation 8 (traffic and thermal loading (Approach 3); with oxidative aging effects) results for NCAT sections 

using actual pavement structure. 

 

 

FW (Sim.8) AW (Sim.8) C (Sim.8) RW (Sim.8) R (Sim.8)
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7.3.4.2 Comparisons Among Simulations Using Different Pavement Structures 

Supplementary simulations using these mixture’s data were conducted using a 3-inch 

pavement structure. Figure 75 through Figure 78 show the results. To make conclusions about 

the reasonableness of these results against the previous simulations results conducted using a 7-

inch pavement structure, the sections were ranked based on the damage factor results for each 

type of simulation and the ranking was compared to that obtained from the field performance. 

Table 35 shows a summary of the field performance ranking, and the ranking from the 4 

simulation types.  

Table 35 shows that the ranking of the mixtures has completely changed compared to that 

of the field performance and compared to the results of the 7-inch thick pavement presented 

previously.  

It is commonly assumed that pavement sections that contain a high RAP content are more 

susceptible to cracking because of the brittleness of the material. However, the field performance 

indicates that the sections containing RAP performed the best. The good agreement between the 

results of FlexPAVETM V2.0, using the actual 7-inch structure, and the field performance 

indicates that this discrepancy between common intuition and the field observation of RAP 

sections can be predicted by mechanistic models employed in FlexPAVETM V2.0 in conjunction 

with the measured cyclic fatigue laboratory test data. Based on the material results presented 

earlier, the mixtures that contain RAP have higher modulus and lower DR values than the other 

mixtures. This indicates that on the material level, the RAP mixtures are expected to perform 

worse than the other mixtures. This finding is in line with the simulations results utilizing the 3-

inch pavement structure. The pavement performance simulations show that when these materials 

are placed on the road, the mechanical responses under the traffic load, such as tensile strain and 
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shear stress, dictate the performance of the pavement and that considering the pavement structure 

is critical in making decisions about material ranking and selection.  

Table 35. NCAT Section Ranking Based on Field Performance and FlexPAVETM V2.0 

Using a 3-Inch Pavement Structure. 

Range: 1 – 5; 1 = worst; 5 = best 

Section ID Field Cracking 

Ranking 

FlexPAVE 2.0 Ranking 

001 011 003 013 

FW 1 3 2 2 2 

AW 2 5 5 5 5 

C 3 4 4 4 4 

RW 4 1 1 1 1 

R 5 2 2 3 3 
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Figure 75. Simulation 1 (traffic and thermal loading (Approach 1); no oxidative aging effects) results for NCAT sections using 

a 3-inch pavement structure. 

 

FW (Sim.1) AW (Sim.1) C (Sim.1) RW (Sim.1) R (Sim.1)
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Figure 76. Simulation 2 (traffic and thermal loading (Approach 1); with oxidative aging effects) results for NCAT sections 

using a 3-inch pavement structure. 

 

FW (Sim.2) AW (Sim.2) C (Sim.2) RW (Sim.2) R (Sim.2)
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Figure 77. Simulation 3 (traffic and thermal loading (Approach 2); no oxidative aging effects) results for NCAT sections using 

a 3-inch pavement structure. 

 

FW (Sim.3) AW (Sim.3) C (Sim.3) RW (Sim.3) R (Sim.3)
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Figure 78. Simulation 4 (traffic and thermal loading (Approach 2); with oxidative aging effects) results for NCAT sections 

using a 3-inch pavement structure. 

 

FW (Sim.4) AW (Sim.4) C (Sim.4) RW (Sim.4) R (Sim.4)
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7.3.4.3 Comparisons Among Simulations Including and Excluding Oxidative Aging Effects 

Note that in the simulations presented previously, there did not seem to be a big 

difference between simulations that incorporate the effect of oxidative aging and those that do 

not. This is attributed to the short pavement life that is considered in these simulations (4 years) 

which is not long enough to manifest the damaging effect of oxidative aging. To better illustrate 

the effect of oxidative aging, simulations using the LTPP mixtures were conducted. Figure 79 

and Figure 80 show the contours for damage and damage factor at the end of the 20-year 

simulation. The contour represents the cross-section of the pavement where half a single axle 

with double tires (spaced 1 ft apart) is simulated. The damage value ranges between 0 and 0.8, 

whereas the damage factor value ranges between 0 and 1.0. A higher numerical value is 

represented in yellow, signifying more damage/damage factor. A lower numerical value is 

represented in blue, signifying less damage/damage factor. 

Note that for the two sections, the damage at the bottom of the pavement structure that is 

due to traffic loading (under the wheel path) decreases as the effect of oxidative aging is 

considered. Damage is defined as the difference between the intact material pseudo stiffness and 

the averaged absorbed pseudo stiffness. The induced damage is a function of the material’s 

stiffness. Oxidative aging makes the material stiffer, which in turn reduces the induced traffic 

strain and helps reduce damage.  

However, oxidative aging makes the material more brittle, which increases the cracking 

susceptibility. This is shown in the damage factor contours. The damage factor is defined as the 

actual damage experienced to the maximum capacity of the pavement obtained from the DR 

curve. The incorporation of the effect of oxidative aging decreases the DR value, resulting in 
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shorter fatigue life or higher damage factors. This is illustrated in the figures by the increasing 

yellow area in Simulation 3 compared to Simulations 1 and 2.  

The asphalt mixture’s resistance to thermal loading depends on the induced stress, the 

ability of the material to relieve the stress, and the ability of the material to resist the damage due 

to the induced stress. Thermal loading, which is like the loading used in a displacement-

controlled test, highly affects the pavement surface. The magnitude of the induced thermal stress 

in thermal loading depends on the asphalt mixture’s stiffness. Aging increases the stiffness (i.e., 

increases the induced stress), decreases the phase angle (i.e., decreases the ability of the mixture 

to relieve the stress), and makes the material more brittle (i.e., decreases the tolerance of the 

material to damage). Accordingly, as pavement sections age, the deteriorating effect of thermal 

stress and the likelihood of top-down cracking both increase. This is shown in the two figures 

through the increasing damage throughout the pavement cross section, and specifically through 

the high levels of damage factor at the pavement surface both under and outside the wheel path.  
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Figure 79. Simulation results for LTTP South Dakota after 20 years under 20 million 

ESALs in South Dakota climate. 

 

Figure 80. Simulation results for LTTP Texas after 20 years under 20 million ESALs in 

Texas climate. 
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 DEFINITION OF PERCENT DAMAGE 

The percentage of damage (‘percent damage’) is defined as the ratio of the sum of the 

damage factors within the reference cross-section area to the reference cross-section area itself, 

as shown in Equation (45). 
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where 

accumulated

R

accumulated

Damage
Damage Factor

D N



 

i  = nodal point number for nodes located within the given reference cross-section, 

M  = total number of nodal points located within the given reference cross-section in 

finite-element mesh, 

Ai  = area represented by nodal point i in the finite-element mesh, and 

ΣAi  = reference area. 

The reference area employed by FlexPAVETM V1.1 is illustrated in Figure 37. 

FlexPAVE™ V1.1 uses two overlapping triangles to form a reference area within which the 

damage evolution can be considered. The top inverted triangle has a 170-cm wide base that is 

located at the top of the surface layer and a vertex that is located at the bottom of the bottom 

asphalt layer. The 120-cm wide base of the second triangle is located at the bottom of the bottom 

asphalt layer and its vertex is positioned at the surface layer. This reference area was selected to 

yield appropriate percent damage values that correspond to the damage experienced under the 

wheel path both at the surface and at the bottom of the pavement.  
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However, this reference area is not ideal in capturing the percent damage value in 

FlexPAVE™ V2.0. This is because of the newly incorporated PAM and AMAC models that 

capture the effect of oxidative aging on material properties and the approach of superposing the 

traffic and thermal loading effects. Both of these factors result in damage throughout the 

pavement cross section and not just underneath the wheel path like FlexPAVETM V1.1. 

Therefore, the reference area in FlexPAVE™ V2.0 is modified to consider the entire width of the 

pavement cross-section. Figure 81 is an illustration of this methodology.  

  

Figure 81. Reference areas for percent damage definitions in FlexPAVETM V2.0. 

Figure 82 shows the pavement cross-section contour of damage factor overlapped with 

the finite element mesh used by FlexPAVE™ V2.0. ‘Total damage’ is defined as the damage 

calculated using the total reference cross-sectional area of the pavement; ‘top damage’ is defined 

as the damage calculated using the top part of the total reference area; and ‘bottom damage’ is 

defined as the damage calculated using the bottom part of the total reference area. The height of 

the top reference area is defined as one third of the depth of the combined asphalt layers. In 

305 cm

Top

Bottom

Total
Combined 

Asphalt Layers
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Figure 82, the points in the cyan color represent the nodal points used to calculate the top 

damage, and the points in the pink color represent the nodal points used to calculate the bottom 

damage. The total damage makes use of all the nodal points.  

 

Figure 82. FlexPAVETM V2.0 contour overlapped with the finite element mesh used in 

calculating the percent damage. 

Figure 83 and Figure 84 show the percent damage evolution (total, top, and bottom) for 

the LTPP South Dakota and Texas sections discussed earlier. Figure 83 and Figure 84 show that 

damage with aging manifests mainly as top damage (top percent damage for Simulation. 3 is 

higher than total and bottom percent damage), which is expected, because aging affects the 

surface of the pavement the most. Thermal loading affects the damage throughout the pavement 

cross-section (Simulation 2 percent damage is uniform between the total, the top and the bottom 

reference area). Damage due to traffic manifests mainly as bottom damage (bottom percent 

damage for Simulation 1 is higher than the total and top percent damage) 
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Figure 83. Total, top, and bottom percent damage evolution for LTPP South Dakota. 

 

Figure 84. Total, top, and bottom percent damage evolution for LTPP Texas. 
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CHAPTER 8. QUALITY ASSURANCE ASPECTS OF PERFORMANCE-RELATED 

SPECIFICATIONS: GUIDANCE DOCUMENT ONE 

 INTRODUCTION 

State highway agencies (SHAs) and industry are continually implementing new 

technologies, test methods, and specifications to improve the quality and performance of 

pavement. The better the quality, the better the performance and longer the life of the pavement. 

Performance-related specifications (PRS) provide a mechanism for agencies to incentivize good 

quality and recover loss of service life by disincentivizing marginal quality in a rational and 

defensible manner while also allowing flexibility and innovation. PRS provide a bridge between 

design, construction quality, and long-term performance, and thus serve as a direct linkage 

between design expectations and construction quality.  

With the goal of providing accurate pavement performance predictions, an Asphalt 

Mixture Performance-Related Specifications (AM-PRS) framework has been developed based 

on mechanistic models and pavement performance predictions. Within the framework of the 

AM-PRS, asphalt mixtures can be evaluated using three AMPT performance tests: the dynamic 

modulus test, the cyclic fatigue test, and the stress sweep rutting (SSR) test. This series of AMPT 

tests takes a total of five days (two days for specimen fabrication and three days for AMPT 

testing) to complete. 

Over the past few decades, a series of reliable material mechanistic models have been 

developed. These models include the Simplified Viscoelastic Continuum Damage (S-VECD) 

model (for fatigue cracking) that characterizes material behavior under repeated traffic and 

thermal loading, the shift model that characterizes mixture permanent deformation, and the 
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Asphalt Mixture Aging-Cracking (AMAC) model that characterizes the effects of aging on 

asphalt mixtures. Index parameters have been developed by simplifying the mechanistic S-

VECD model and shift permanent deformation model and are available in the AM-PRS 

framework. The fatigue index parameter is referred to as Sapp and the permanent deformation 

index is referred to as the Rutting Strain Index (RSI).  

Previous Federal Highway Administration (FHWA) research contract efforts have 

resulted in the establishment of IVR (Jeong et al. 2020) and PVR (Wang et al. 2019) that are 

used to relate changes in measured volumetric parameters to changes in index values and 

pavement performance, respectively. These two relationships, the IVR and PVR, allow the 

current volumetric acceptance quality characteristic to be used in the AM-PRS framework, 

which saves time and effort that would be needed for performance testing in the lot-by-lot QA 

process. These tools form the fundamentals of the AM-PRS framework. 

This guidance document addresses the use and implementation of Sapp and RSI test 

results, proposed specification limits, and ways these tests can be leveraged to develop PRS. This 

document first explains the Sapp and RSI parameters and then discusses the preliminary threshold 

values for Sapp and RSI, how they are obtained, and evidence of their broad applicability (Wang 

et al. 2022, Ghanbari et al. 2022). This document also provides guidance about ways a SHA 

could refine these values if interested in doing so (Diefenderfer and Bowers 2019). The 

document then provides step-by-step guidelines for the use of the Sapp and RSI parameters for 

different levels of mix design (Wang et al. 2019, Wang 2019, Ghanbari 2020, Jeong et al. 2021). 

Finally, the document gives a general overview of different protocols that make use of AM-PRS 

tools and methodologies to develop PRS.   
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 DEFINITIONS OF SAPP AND RSI PARAMETERS 

8.2.1 Fatigue Cracking Index: Sapp 

The Sapp index parameter represents the apparent fatigue damage capacity of asphalt 

mixtures and is derived from the S-VECD model for fatigue cracking. Sapp accounts for the 

effects of a material’s modulus and toughness on its fatigue resistance and is a measure of the 

amount of fatigue damage the material can tolerate under loading. Higher Sapp values indicate 

better fatigue resistance of the mixture. Sapp is a dimensionless quantity and ranges between the 

values 0 and 50. Sapp is determined at the representative pavement temperature of the location of 

interest, which is calculated as the average of the high and low performance grades (PGs) for the 

location minus 3C. 

The Sapp value of an asphalt mixture can be obtained via cyclic fatigue tests using 100-

mm diameter specimens or 38-mm diameter small specimens cored and cut from gyratory-

compacted samples and field cores. The cyclic fatigue test is commonly performed using an 

AMPT. The required American Association of State Highway and Transportation Officials 

(AASHTO) specifications for specimen fabrication and testing are provided in Section 8.3, 

Section 8.3.3.  

The cyclic fatigue test results can be imported to and processed by Excel-based software 

called FlexMAT™-Cracking, which is open-access and available online for download. Details 

regarding access to FlexMATTM and analysis are provided later in this document. The Sapp index 

parameter is calculated by FlexMATTM using the climatic conditions of the location of interest 

selected by the user using Equation (46). 
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where  

𝛼  = material constant calculated from the maximum slope of the relaxation modulus in 

log-log scale, 

aT  = time-temperature shift factor,  

DR  = failure criterion for the S-VECD model, 

C11, C12  = damage characteristic curve model coefficients, and 

|E*|  = material dynamic modulus value at 10 Hz and the Sapp determination temperature 

(kPa). 

8.2.2 Rutting Index: RSI 

The RSI parameter is derived from the shift model that is based on the viscoplastic theory 

for permanent deformation. The RSI parameter can capture the effects of changing temperatures, 

stress levels, and loading times along with pavement depth on the permanent deformation of 

asphalt pavements using realistic loading and changing climatic conditions. Lower RSI values 

indicate better rutting resistance of the mixture. RSI values range between the values 0 and 15 

(approximately). 

The RSI is the average permanent strain (in percent) and is defined as the ratio of the 

permanent deformation in an asphalt layer to the thickness of that layer at the end of a 20-year 

period over which 30 million 18-kip equivalent single axle load (ESAL) repetitions are applied 

to a standard structure. Note that the analysis period and load repetitions for the mixture of 

interest represent the benchmark against which results are judged, because they provide a 
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consistent set of external conditions to allow for comparison of the resultant strains for different 

mixtures.  

The RSI value of an asphalt mixture can be determined via SSR tests using 100-mm 

diameter specimens cored and cut from gyratory-compacted samples. SSR tests typically are 

performed using an AMPT. The required AASHTO specifications for specimen fabrication and 

testing are provided in 8.3, Section 8.3.3. SSR test results can be imported to and processed by 

Excel-based software called FlexMAT™-Rutting, which is open-access and available online for 

download. Details regarding access to FlexMATTM and its analysis are provided in 8.3, Section 

8.3.4. The RSI parameter is calculated using varying temperatures as a function of pavement 

depth and service time that are determined by the Enhanced Integrated Climatic Model for a 

location of interest selected by the user. 

8.2.3 Applications of Sapp and RSI 

Applications of Sapp and the RSI include but are not limited to: 

1. Choosing between two or more mixtures for a project. 

2. Verifying whether the mixture produced is similar to the mixture designed.  

3. Estimating whether the mixture that is produced has been produced properly.  

4. Balanced mixture design (BMD). 
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 EQUIPMENT, SAMPLING, AND TESTING REQUIREMENTS 

8.3.1 Equipment and Training 

Specimen fabrication equipment is needed to fabricate dynamic modulus, cyclic fatigue, 

and SSR test specimens. Appendix F of the National Highway Institute training coursework book 

includes a detailed equipment list for specimen fabrication: 

(https://www.fhwa.dot.gov/pavement/asphalt/pubs/appendixf.pdf).  

Test equipment and associated accessories are needed to conduct the dynamic modulus, 

cyclic fatigue, and SSR tests. Appendix A of this dissertation provides a provisional set of 

equipment that is needed to conduct these tests.  

Engineers and technicians are highly encouraged to complete appropriate training and 

seek proficiency testing with qualified laboratories before proceeding with their evaluation and 

implementation plans. Also, videos that demonstrate the specimen fabrication and testing 

procedures are available at: 

https://www.youtube.com/playlist?list=PL5_sm9g9d4T1BJ8GbspZ1CwG1op87RkZH.  

8.3.2 Sampling of Materials and Documentation 

This section describes material sampling requirements and plans for SHAs that are 

interested in applications of Sapp and the RSI. Sections 8.4 and 8.5 in this document refer to this 

section for instructions regarding the sampling of plant-produced mixtures and/or component 

materials.  

8.3.2.1 Sampling 

The first sampling event is the sampling of component materials, which includes the 

aggregate, asphalt binder, recycled asphalt pavement (RAP), and additives. The second sampling 

event is the sampling of asphalt mixtures during production. SHA’s existing methods should be 

https://www.fhwa.dot.gov/pavement/asphalt/pubs/appendixf.pdf
https://www.youtube.com/playlist?list=PL5_sm9g9d4T1BJ8GbspZ1CwG1op87RkZH
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followed to sample RAP. The AASHTO standards to be consulted for the sampling of asphalt 

mixtures, aggregate products, and asphalt materials are: 

1. AASHTO R 97 – Sampling Asphalt Mixtures 

2. AASHTO R 90 – Sampling Aggregate Products 

3. AASHTO R 66 – Sampling Asphalt Materials 

8.3.2.2 Sampling Plans 

Table 36 shows four sampling plans for both sampling events. The primary differences 

among the sampling plans are the quantities of materials required. The sampling plan, and hence 

the quantity of material to be sampled, depends on the specific application of Sapp and the RSI. 

Sampling Plans 1 and 2 are used to collect materials for a single mixture to be used in the local 

refinement of the Sapp and RSI threshold values. Sampling Plan 2 also can be used to collect 

materials to apply balanced mix design plus (BMD+) Tier One (volumetric design and 

performance verification). Sampling Plan 3 is used to collect materials for a single mixture to 

apply BMD+ Tier Two (BMD in the two-point volumetric domain). Sampling Plan 4 is used to 

collect materials for a single mixture to apply BMD+ Tier Three (BMD in the four-corner 

volumetric domain). Subsequent chapters of this document refer to this Section 3.2.2 for the 

relevant sampling plan associated with the desired application.  

Table 36. Sampling Weights Associated with Different Sampling Plans for the Two 

Sampling Events. 

Sampling Plan ID 

Weight (lb.) 

Component Material 

Sampling 

Plant-Produced Asphalt 

Mixture Sampling 

Sampling Plan 1 0 400 

Sampling Plan 2 400 0 

Sampling Plan 3 850 0 

Sampling Plan 4 1900 0 
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8.3.2.3 Sample Storage 

The acquired component materials and asphalt mixtures are stored using an approved 

method. Several best practices for the storage of materials include the following:  

1. Asphalt binder should be stored in metal buckets with a sealed lid.  

2. Aggregate and RAP should be stored in plastic buckets.  

3. Additives should be stored in plastic containers.  

4. Asphalt mixtures should be stored in metal buckets with a sealed lid.  

Note: Asphalt mixtures may be stored in cardboard boxes or in cloth bags to reduce costs; 

however, these boxes or bags of material must be placed in another sealed container (a plastic 

bucket, a sealed plastic tote container, a sealed plastic bag, etc.) to limit oxidation. 

5. Asphalt mixtures, RAP, and asphalt binder samples should be stored in a temperature-

controlled environment that is capable of maintaining the temperature of the stored 

materials at approximately 25C or below.  

Note: Storing the materials outside or in structures that become hot during the summer is 

considered unacceptable. 

6. All containers of material samples must be labeled with the following information: 

 Project name 

 Project location 

 Material type and designation 

 Sampling date 
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 Sampling location - Geo reference and archived (if applicable) 

 Lot, sublot, and sample numbers (e.g., Lot 1-Sub 2-1/10, etc.) (if applicable) 

 Hazard and safety labels (if applicable) 

8.3.2.4 Material Information 

Best practices for collecting and documenting accurate data about the sampled materials 

should be followed based on information that includes but is not limited to:  

1. Sampling date  

2. Plant identification 

3. Job mix formula (JMF) number 

4. Mixture design information, including: 

 Nominal maximum aggregate size (NMAS) 

 Binder grade  

 Binder content  

 Effective binder content  

 Gradation 

 Voids in the mineral aggregate (VMA)  

 Voids filled with asphalt (VFA)  

 RAP content  

 Theoretical maximum aggregate specific gravity (Gmm)  

 Aggregate bulk specific gravity (Gsb) 

 Mixing and compaction temperatures 

 Type and amount of compaction effort 
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Records of other information that should be maintained include:  

1. Paving project location 

2. Expected traffic level  

3. Asphalt layer thicknesses 

4. Underlying layer thicknesses and properties, if available 

Note: Collecting additional information (listed above) can support the local refinement of the 

Sapp and RSI threshold values and the calibration of mechanistic-empirical pavement 

performance prediction models. 

8.3.3 Volumetric and Performance Testing 

8.3.3.1 Specimen Fabrication 

The following AASHTO standards are needed to fabricate AMPT test specimens: 

1. Large (100-mm diameter) Specimen Fabrication – AASHTO R 83 – Preparation of 

Cylindrical Performance Test Specimens Using the Superpave Gyratory Compactor 

(SGC) 

2. Small (38-mm diameter) Specimen Fabrication – AASHTO PP 99 – Preparation of Small 

Cylindrical Performance Test Specimens Using the Superpave Gyratory Compactor 

(SGC) or Field Cores 

The following AASHTO standards are needed to condition and compact asphalt mixtures 

for Superpave volumetric, dynamic modulus, cyclic fatigue, and SSR testing: 

1. AASHTO R 30 – Mixture Conditioning of Hot-Mix Asphalt (HMA) 

2. AASHTO R 47 – Reducing Samples of Hot-Mix Asphalt 
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3. AASHTO T 209 – Theoretical Maximum Specific Gravity (Gmm) and Density of Hot Mix 

Asphalt (HMA) 

4. AASHTO T 269 – Percent Air Voids in Compacted Dense and Open Asphalt Mixture 

5. AASHTO T 312– Preparing and Determining the Density of Asphalt Mixture Specimens 

by Means of the Superpave Gyratory Compactor 

The specimen mass must be adjusted to achieve a target air void content ± 0.5% for the 

final cored and cut performance test specimens. Two different procedures for adjusting the mass 

of the SGC specimens are provided in Appendix X1 of both AASHTO R 83 and AASHTO PP 

99:  

1. Appendix X1, AASHTO R 83 presents a trial-and-error method that may use less 

material. 

2. Appendix X1, AASHTO PP 99 presents a method that requires three SGC specimens to 

avoid the repeated compaction that may be needed in a trial-and-error procedure. 

8.3.3.2 Required Number of Specimens 
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Table 37 shows the recommended number of SGC test specimens for the full suite of 

AMPT tests.  

Note: Additional SGC specimens may be fabricated as a factor of safety in order to avoid delays 

when testing challenges are encountered and to ensure an adequate number of samples should 

those challenges occur and tests need to be repeated. 
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Table 37. Minimum Number of SGC Specimens Required for Full Suite of AMPT Tests. 

SGC 

Specimen 

SGC Specimen 

Geometry1 

Number of 

Cored & Cut 

Specimens 

Cored & Cut 

Specimen 

Geometry1 

Test 

1 150 mm x 180 mm 4 38 mm x 110 mm Dynamic Modulus2 

and Cyclic Fatigue3 2 150 mm x 180 mm 4 38 mm x 110 mm 

3 150 mm x 180 mm 1 100 mm x 150 mm Stress Sweep 

Rutting4 4 150 mm x 180 mm 1 100 mm x 150 mm 

5 150 mm x 180 mm 1 100 mm x 150 mm 

6 150 mm x 180 mm 1 100 mm x 150 mm 

Note: 1 Diameter x height. 2 AASHTO TP 132: Total number of tests (9) includes each of three 

specimens tested at three temperatures and three frequencies. 3 AASHTO TP 133: Total number 

of tests (3) includes three specimens tested at a single temperature. 4 AASHTO TP 134: Total 

number of tests (4) includes two specimens tested at each of high and low temperatures. 

 

8.3.3.3 AMPT Testing 

The following AASHTO standards are needed to conduct AMPT testing: 

1. AASHTO TP 132 – Standard Method of Test for Determining the Dynamic Modulus for 

Asphalt Mixtures Using Small Specimens in the Asphalt Mixture Performance Tester 

(AMPT), which is used to provide inputs for cyclic fatigue testing analysis. 

2. AASHTO TP 133 – Standard Method of Test for Determining the Damage Characteristic 

Curve and Failure Criterion Using Small Specimens in the Asphalt Mixture Performance 

Tester (AMPT) Cyclic Fatigue Test, which is used to determine Sapp index values and 

predicted fatigue cracking performance. 

3. AASHTO TP 134 – Standard Method of Test for Stress Sweep Rutting (SSR) Test Using 

Asphalt Mixture Performance Tester (AMPT), which is used to determine RSI values and 

predicted rutting performance. 

Note: Do not core or cut SGC specimens until ready to perform the tests. The maximum length 

of time between coring/cutting and testing is one month to reduce the effect of oxidative aging 
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on test results.  

8.3.4 Data Analysis, Data Cleaning, and Data Storage 

Data from the dynamic modulus and cyclic fatigue tests are analyzed using 

FlexMATTM-Cracking and data from the SSR tests are analyzed using FlexMATTM-Rutting. 

These programs are available from the FHWA at 

https://www.fhwa.dot.gov/pavement/asphalt/analysis/.  

Note: Data quality indicators within FlexMATTM can highlight flawed test data. Flawed test data 

must be removed and ignored in the analysis. Additional tests may be needed to meet the 

minimum test replicate requirements.  

After testing and analysis are completed, a database system must be developed for all 

FlexMATTM files and any additional summary files, as well as for all the mixture information 

collected. The data obtained from FlexMATTM can be used in the FlexPAVETM pavement 

performance analysis program. FlexPAVETM considers moving loads and temperature effects on 

the asphalt pavement response and distress mechanisms. Access to FlexPAVETM can be 

requested by contacting Matthew Corrigan (Matthew.Corrigan@dot.gov). Details about 

FlexMATTM and FlexPAVETM can be found in Appendix E.

https://www.fhwa.dot.gov/pavement/asphalt/analysis/
mailto:Matthew.Corrigan@dot.gov
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 SAPP AND RSI TRAFFIC THRESHOLDS AND RANGE OF APPLICABILITY 

8.4.1 Sapp and RSI Threshold Values 

Table 38 and Table 39 respectively present the Sapp and RSI threshold values, which are 

applicable for surface, intermediate, and base course mixtures and can be used to estimate the 

allowable traffic level for any mixture in terms of ESALs. 

The Sapp threshold values, presented in Table 38, were determined under short-term aging 

conditions using 105 mixtures. The RSI threshold values, presented in Table 39, were 

determined using 79 mixtures. Both sets of mixtures include hot-mix asphalt mixtures with 

varying percentages of RAP, different warm mix asphalt (WMA) technologies, and polymer-

modified asphalt mixtures. Details regarding these two sets of mixtures used for the development 

of the Sapp and RSI threshold values can be found in 0 and Appendix C, respectively.  

The threshold values were determined based on comparisons of mixture Sapp and RSI 

values versus information gathered from SHAs and accelerated pavement testing facilities. The 

information includes pavement performance observed at test tracks, test roads, and in-service 

pavements, allowable traffic levels used in agencies’ mixture designs, general performance 

feedback from SHAs, and numerical pavement performance simulations. 

Although the threshold values shown in Table 38 and Table 39 were determined from a 

wide range of mixtures, they can be further refined for local materials and conditions. A guide 

for the local refinement of the threshold values is presented in Section 8.4.3.  
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Table 38. Recommended Threshold Values for Sapp Fatigue Index Parameter. 

Traffic (million ESALs) Sapp Limits Tier Designation 

Less than 10 Sapp > 8 Standard S 

Between 10 and 30 Sapp > 24 Heavy H 

Greater than 30 Sapp > 30 Very Heavy V 

Greater than 30 and slow traffic Sapp > 36 Extremely Heavy E 

Table 39. Recommended Threshold Values for RSI Parameter. 

Traffic (million ESALs) RSI Limits (%) Tier Designation 

Less than 10 RSI < 12 Standard S 

Between 10 and 30 RSI < 4 Heavy H 

Greater than 30 RSI < 2 Very Heavy V 

Greater than 30 and slow traffic RSI < 1 Extremely Heavy E 

 

8.4.2 Case Studies of the Extensive Applicability of Sapp and the RSI 

The Sapp parameter has been found to be sensitive to mixture variables (e.g., aggregate 

gradation, binder content, RAP content, binder grade, type of binder modifier), compaction, and 

aging, and meets general expectations with respect to the effects of these parameters on fatigue 

cracking performance. Sapp can be used to compare many different types of mixtures and to 

determine if the material is suitable for the layer, traffic, and project location under 

consideration.  

Figure 85 shows the change in Sapp with the change in the aforementioned mixture 

factors, compaction level, and aging conditions. Figure 85 generally shows greater fatigue 

resistance with a finer gradation, higher asphalt binder content, greater compaction density (low 

air void content), and less RAP. Specific binder modifiers, such as crumb rubber-terminal blend 

(CR-TB), terpolymer, and SBS polymer, also increase fatigue resistance, whereas the aging of 

the mixture reduces fatigue resistance. 
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Figure 85. Sapp values as a function of (a) aggregate gradation (NC-PEMD), (b) binder 

content (ME), (c) air void content (NC-PEMD), (d) RAP content (NH), (e) binder modifier 

(VA-ALF), and (f) laboratory oven-aging time (AL-aged) Note: Error bars represent  one 

standard deviation (Wang et al. 2022). 

Figure 86 (a) through Figure 86 (d) show that the RSI is sensitive to changes in aggregate 

gradation, binder content, RAP content, and compaction level (air void content) for selected 

mixtures. In general, Figure 86 shows increased rutting resistance with a coarser gradation, lower 

asphalt binder content, higher RAP content, and greater compaction density (lower air void 

content). Note that decreasing the binder content and increasing the RAP content to improve the 

mixture’s rutting resistance are likely to have negative effects on the fatigue cracking resistance 

of the mixture. Note also that the RSI values and the change in the RSI values shown throughout 
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Figure 86 depend on the characteristics of the component materials (e.g., aggregate gradation, 

virgin and RAP binder grades and properties, etc.). For Figure 86 (a), Gradations 1 and 2 were 

tested at an air void content of 4% whereas Gradation 3 was tested at an air void content of 3 

percent. 

 

Figure 86. RSI values as a function of four different asphalt mixture factors: (a) aggregate 

gradation (NC-PEMD), (b) binder content (ME), (c) RAP content (NH), and (d) air void 

content (NC-PEMD) (Ghanbari et al. 2022). 

8.4.3 Local Refinement of Sapp and RSI Threshold Values 

This section presents guidelines for the local refinement of the Sapp and RSI threshold 

values. Asphalt mixture testing is needed to obtain the Sapp and RSI values and includes AMPT 

dynamic modulus, cyclic fatigue, and SSR tests.  
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8.4.3.1 Requirements 

8.4.3.1.1 Equipment and Training 

The SHA should acquire the necessary equipment and obtain appropriate training to 

fabricate specimens and conduct the AMPT dynamic modulus, cyclic fatigue, and SSR tests. For 

information regarding required equipment and training, refer to Section 8.3.1 Equipment and 

Training. 

8.4.3.1.2 Sampling of Mixtures and Documentation 

The suggested sampling plans for a single mixture include Sampling Plans 1 and 2. 

Details regarding the sampling plans can be found in Section 8.3.2.2 Sampling Plans. Sampling 

Plans 1 and 2 involve collecting the same quantity of materials (400 lb); however, the difference 

between these two plans is the type of materials sampled. Sampling Plan 1 involves collecting 

plant-produced mixtures and Sampling Plan 2 involves collecting component materials. The 

choice between Sampling Plan 1 or Sampling Plan 2 depends on the preference and capability of 

the SHA. Additional information about sampling requirements, storage, and materials is 

provided in Section 8.3.2 Sampling of Materials and Documentation. 

Note: The estimated material quantity provided in the sampling plan should be sufficient to 

conduct all the necessary AMPT tests and the appropriate volumetric tests while also providing a 

safety net of sufficient materials in case any testing needs to be repeated. 

Note: Other applications of Sapp and the RSI presented later in this document require the 

collection of larger quantities of materials. If the SHA is interested in these applications as well 

as the local refinement of the Sapp and RSI threshold values, then the SHA is encouraged to group 

quantities of materials from multiple sampling plans in order to ensure that sufficient materials 
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are available for all the desired Sapp and RSI applications.  

The SHA should identify and sample mixtures from across the state based on the 

following criteria: 

a. Mixtures should be selected from different geographical locations across the state.  

Note: Selecting mixtures from different geographical locations helps capture inherent differences 

in mixture components and climatic conditions. 

b. Mixtures should have a history of field performance.  

Note: Having mixtures with a history of field performance helps in correlating laboratory test 

performance to field performance.  

The selected and sampled asphalt mixtures can be grouped according to the primary 

factors that the SHA knows to affect mixture performance in the SHA’s respective jurisdiction. 

For example, these factors may include layer type (i.e., surface, intermediate, and base layers), 

traffic level (design ESALs), and geographic region. 

8.4.3.2 Guidelines for the Local Refinement of the Sapp and RSI Threshold Values 

8.4.3.2.1 Conduct Performance Testing 

Conduct dynamic modulus, cyclic fatigue, and SSR tests at the optimum binder content 

of the mixture. The performance test specimens should be fabricated and tested at the design air 

void content.  

Note: For information regarding specimen fabrication, the required number of specimens, and 
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performance testing, refer to Section 8.3.3 Volumetric and Performance Testing. 

8.4.3.2.2 Analyze, Clean, and Store Data 

Analyze the dynamic modulus, cyclic fatigue, and SSR test results using FlexMATTM to 

determine the performance index values (Sapp and RSI values). 

Note: For more information about access to FlexMATTM software for analysis of the AMPT 

dynamic modulus, cyclic fatigue, and SSR test results, refer to Section 8.3.4 Data Analysis, Data 

Cleaning, and Data Storage. 

8.4.3.2.3 Determine Performance Index Thresholds 

Determine the performance index thresholds using one of the following methods: 

a. Method 1 (conservative approach): Set the Sapp threshold value as the minimum observed 

Sapp value from all the tested mixtures and set the RSI threshold as the highest observed 

RSI value from all the tested mixtures.  

Note: This approach assumes that all the tested mixtures perform satisfactorily and meet the 

SHA’s prescribed volumetric requirements.  

Note: Although this approach eases the implementation by minimizing the number of mixtures 

that must be redesigned, it also prohibits pushing towards better performing mixtures.  

b. Method 2 (radical approach): Use the average Sapp and RSI values as the threshold values.  

Note: This approach assumes that the current mixture performance is minimally acceptable.  
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Note: Although this approach will theoretically improve mixture performance by redesigning 

poor-performing mixtures, it also is likely to eliminate satisfactorily performing mixtures that do 

not meet the average threshold. This approach also can alienate industry partners and impede 

implementation due to the large number of mixes that must be redesigned.  

c. Method 3: Use the average Sapp value minus one standard deviation as the Sapp threshold 

value and the average RSI value plus one standard deviation as the RSI threshold value.  

Note: This approach generally results in threshold values that are between the 

minimum/maximum (Method 1) and the average values (Method 2). This approach generally 

assumes that the current performance is acceptable, but a few poor-performing mixtures should 

be redesigned.  

8.4.3.2.4 Validate and Refine Threshold Values 

1. Update the SHA database of mixture information and performance test data as new 

mixtures are tested. 

Note: Any newly tested mixtures should be incorporated into the performance evaluation to 

provide a more robust data sample for the determination and validation of appropriate threshold 

values. Over time, the addition of mixture test data to the database will provide a larger sample 

of typical mixtures and will allow the characterization of marginally performing mixtures to be 

targeted such that the sensitivity of the test methods and thresholds can be evaluated.  

2. Validate the threshold values by comparing the proposed performance criteria with actual 

in-service pavement performance.  
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Note: Although it takes time to obtain in-service performance data, the SHA should aim towards 

monitoring the tested mixtures throughout their service life to provide information necessary to 

link the initial properties and the performance. The field validation study should be designed to 

include a wide range of subgrade material types, pavement designs, traffic levels, and climatic 

conditions. The selected sections should be monitored for long-term performance. 
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 SAPP AND RSI APPLICATIONS FOR BALANCED MIX DESIGN PLUS (BMD+) 

8.5.1 Background 

The integration of performance-related tests with mix design is described as balanced mix 

design (BMD). Performance-related tests used in BMD typically include a cracking test and a 

rutting test. The popular cracking tests include the Illinois Flexibility Index Test, the IDEAL-CT 

test, and the overlay test (Ozer et al. 2016, Zhou et al. 2007). Popular rutting tests include the 

Hamburg wheel-tracking test and the Asphalt Pavement Analyzer test (West et al. 2018).  

The approach presented here uses AMPT performance tests and two mixture performance 

indices (Sapp and RSI) to determine the optimal mix design. This approach is referred to as 

‘balanced mix design plus’ (BMD+). 

8.5.2 BMD+ Tier Levels 

BMD+ can take different forms depending on the SHA’s goals and the level of effort the 

SHA wishes to expend. Brief descriptions of the three tiers of BMD+ are provided below. 

Tier One: Volumetric Design and Performance Verification 

Tier One of BMD+ conforms to the traditional processes of material selection, target 

gradation selection, and design asphalt content identification based on volumetric criteria. Once 

the mix design is set, AMPT performance testing is conducted (the cyclic fatigue test for 

cracking and the SSR test for rutting), and the index parameters (Sapp and RSI) are determined 

using FlexMATTM and compared against threshold values for the traffic level at which the 

mixture is to be used. If the measured index parameters pass the minimum threshold values, then 

moisture testing is conducted. If the design mixture satisfies the moisture test criterion, then the 

mixture design becomes the final design; otherwise, adjustments to the mixture or total redesign 

are necessary. 
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Tier Two: BMD in the Two-Point Volumetric Domain 

Tier Two utilizes aggregate packing theory to link the aggregate gradation, volumetric 

properties, and mixture performance by testing materials of interest at two volumetric conditions. 

The following steps describe in general terms the process involved in conducting BMD+ Tier 

Two. 

1. Materials are selected based on traditional volumetric mix design guidelines. 

2. Mixtures are produced with two different gradations while meeting the design air void 

requirements. 

3. Gyratory specimens are compacted using existing guidelines, and volumetric properties 

are determined. 

4. AMPT performance test specimens are fabricated and tested.  

 Testing involves dynamic modulus, cyclic fatigue, and SSR tests. 

 Testing is performed at two volumetric conditions (e.g., at the VMA of 12 and 14 by 

changing the gradation and binder content at a fixed design air void content). 

 Sapp and RSI values are determined at two volumetric conditions. 

5. The measured Sapp and RSI values are used to calibrate the volumetric interpolation 

function. 

6. The function obtained in Step 5 is used to identify acceptable mixtures. 

7. The final design is selected. 

Tier Three: BMD in the Four-Point Volumetric Domain 

Tier Three closely mirrors Tier Two in that it involves an aggregate packing theory to 

link aggregate gradation, volumetric properties, mixture performance, and pavement 
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performance simulations at four volumetric conditions. The following steps outline the process 

involved in BMD+ Tier Three. Tiers Two and Three share many commonalities, but they differ 

in the number of volumetric conditions tested and the volumetric interpolation function.  

1. Materials are selected based on traditional volumetric mix design guidelines. 

2. Mixtures are produced with two different gradations, and each mixture meets two design 

air void requirements. 

3. Gyratory specimens are compacted using existing guidelines, and the volumetric 

parameters are determined. 

4. AMPT performance test specimens are fabricated and tested. 

 Testing involves dynamic modulus, cyclic fatigue, and SSR tests. 

 Testing is conducted at four volumetric conditions. 

5. Pavement performance simulations are conducted and used to calibrate PVRs. 

6. The relationships obtained from Step 5 are used to predict rutting and cracking over time 

for the project. 

7. The SHA’s failure criteria for ‘% cracking’ and rut depth are used to determine the life of 

the pavement under different volumetric conditions. 

8. The design life of the pavement is used to determine acceptable mixtures.  

9. The final design is selected. 

8.5.3 BMD+ Tier One: Volumetric Design and Performance Verification 

8.5.3.1 Requirements 

8.5.3.1.1 Equipment and Training 

Acquire the necessary equipment and obtain appropriate training to fabricate the 

specimens and conduct AMPT dynamic modulus, cyclic fatigue, and SSR tests. For detailed 
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information regarding the required equipment and training, refer to Section 8.3.1 Equipment and 

Training. 

8.5.3.1.2 Sampling of Materials and Documentation 

The suggested sampling plan for a single mixture is Sampling Plan 2. Details can be 

found in Section 8.3.2.2 Sampling Plans. 

Sampling Plan 2 involves collecting 400 lb. of component materials. Additional 

information about the sampling requirements, storage information, and material information are 

provided in Section 8.3.2 Sampling of Materials and Documentation. 

Note: The estimated material quantity provided in the sampling plan should be sufficient to 

conduct all the required AMPT testing and appropriate volumetric testing and include extra 

material if any testing needs to be repeated. 

Note: Other applications of Sapp and the RSI presented later in this document require the 

collection of larger quantities of materials. If these applications are of interest, or BMD+ Tier 

Two is planned, then combine the quantities of materials from multiple sampling plans in order 

to ensure that sufficient materials are obtained for all desired Sapp and RSI applications.  

8.5.3.2 Guidelines for BMD+ Tier One Mix Design 

These guidelines mirror Approach A of AASHTO PP 105 – Balanced Design of Asphalt 

Mixtures. 

8.5.3.2.1 Conduct Volumetric Design 

1. Design an asphalt mixture in accordance with AASHTO R 35 – Superpave Volumetric 

Design for Asphalt Mixtures, or the SHA’s existing method and criteria. 
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Note: An existing approved mix design can be used.  

8.5.3.2.2 Conduct Performance Testing 

1. Conduct dynamic modulus, cyclic fatigue, and SSR tests at the volumetric design 

conditions (i.e., design gradation and optimum binder content). The performance test 

specimens should be fabricated and tested at the design air void content.  

Note: For detailed information about specimen fabrication, the required number of specimens, 

and performance testing, refer to Section 8.3.3 Volumetric and Performance Testing. 

8.5.3.2.3 Check Performance Criteria  

1. Analyze the dynamic modulus, cyclic fatigue, and SSR test results using FlexMATTM 

software to determine the performance index (Sapp and RSI) values. 

Note: For more information regarding access to FlexMATTM for analysis of the AMPT dynamic 

modulus, cyclic fatigue, and SSR test results, refer to Section 8.3.4 Data Analysis, Data 

Cleaning, and Data Storage. 

2. If the measured Sapp and RSI values satisfy the corresponding threshold values found in 

Section 8.4.1 Sapp and RSI Threshold Values or the threshold values specified by the 

SHA, proceed to Section 8.5.3.2.4; otherwise, return to Section 8.5.3.2.1 and repeat the 

mix design process using different mix proportions or different materials (e.g., aggregate, 

asphalt binder, recycled materials, and/or additives). 
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8.5.3.2.4 Conduct Moisture Testing and Criteria Check 

1. Select one moisture damage test from Section 7 of AASHTO MP 46 – Balanced Mix 

Design and evaluate the mix design for moisture susceptibility. 

2. If the moisture damage test results satisfy the corresponding performance criteria in 

AASHTO MP 46, then establish the JMF; otherwise, take remedial action such as the use 

of an antistripping agent or a different source or grade of asphalt binder, or different type 

of aggregate to improve the moisture resistance of the mix. Retest the mix to ensure 

compliance with the same mixture rutting, cracking, and moisture damage test criteria.  

8.5.4 BMD+ Tier Two: Two-Point Volumetric Domain 

8.5.4.1 Requirements 

8.5.4.1.1 Equipment and Training 

Acquire the necessary equipment and obtain appropriate training to fabricate test 

specimens and conduct AMPT dynamic modulus, cyclic fatigue, and SSR tests. For detailed 

information regarding the required equipment and training, refer to Section 8.3.1 Equipment and 

Training. 

8.5.4.1.2 Sampling of Materials and Documentation 

The suggested sampling plan for a single mixture is Sampling Plan 3. Details can be 

found in Section 8.3.2.2 Sampling Plans. Sampling Plan 3 involves collecting 850 lb. of 

component materials. Additional information about the sampling requirements, storage 

information, and material information is provided in Section 8.3.2 Sampling of Materials and 

Documentation. 

Note: The estimated material quantity provided in the sampling plan should be sufficient to 
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conduct all the required AMPT testing and appropriate volumetric testing and include extra 

material if any testing needs to be repeated. 

Note: Other applications of Sapp and the RSI presented later in this document require the 

collection of larger quantities of materials. If these applications are of interest or BMD+ Tier 

One is planned, then combine the quantities of materials from the multiple sampling plans in 

order to ensure that sufficient materials are obtained for all desired Sapp and RSI applications.  

8.5.4.2 Guidelines for BMD+ Tier Two Mix Design 

These guidelines are based on the AMPT performance testing of mixtures at two 

volumetric conditions compacted to the design air void content. The following sections provide 

the steps required to conduct BMD+ Tier Two mix design.  

8.5.4.2.1 Material Selection 

1. Select the asphalt binder, aggregate, and RAP stockpiles according to the traffic and 

environmental requirements for the desired paving project. 

2. Determine the raw material properties listed in Table 40. Table 40 also lists the relevant 

AASHTO specifications; however, equivalent local specifications also can be utilized. 

The SHA’s judgment and experience can be used to estimate material properties where 

applicable.  
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Table 40. Required Raw Material Properties. 

Material 

Type 
Action AASHTO Specification 

Virgin 

aggregate 

of each 

stockpile 

Wash and grade. 
AASHTO T 27 – Sieve Analysis of Fine and Coarse 

Aggregates 

Determine bulk, 

apparent specific 

gravity, and percent 

absorption. 

AASHTO T 84 – Specific Gravity and Absorption of 

Fine Aggregate 

AASHTO T 85 – Specific Gravity and Absorption of 

Coarse Aggregate 

AASHTO T 100 – Specific Gravity of Soils 

Asphalt 

binder 

Determine specific 

gravity. 

AASHTO T 228 – Specific Gravity of Semi-Solid 

Asphalt Materials 

RAP (if 

available) 

 

Determine binder 

content. 

AASHTO T 308 – Determining the Asphalt Binder 

Content of Asphalt Mixtures by the Ignition Method 

AASHTO T 319 – Quantitative Extraction and Recovery 

of Asphalt Binder from Asphalt Mixtures 

Wash and conduct 

sieve analysis of 

recovered aggregate. 

AASHTO T 27 – Sieve Analysis of Fine and Coarse 

Aggregates 

Determine the bulk 

specific gravity of the 

recovered aggregate. 

AASHTO T 84 – Specific Gravity and Absorption of 

Fine Aggregate 

AASHTO T 85 – Specific Gravity and Absorption of 

Coarse Aggregate 

AASHTO T 100 – Specific Gravity of Soils 

 

8.5.4.2.2 Aggregate Blend Gradation Preparation 

1. Prepare two trial aggregate blend gradations such that the first gradation is close to the 

maximum density line and the second gradation is close to the upper (for fine-graded 

mixtures) or lower (for coarse-graded mixtures) gradation limits specified by the SHA, 

by meeting the following requirements: 

Note: The two selected gradations do not necessarily need to meet the SHA’s volumetric and 

gradation requirements, except that the gradation with a higher VMA should meet the SHA’s 

minimum VMA requirement. 

Note: The reasons for selecting two gradations are (1) to cover a wide range of gradations that 



 

278 

are possible with the given aggregate stockpiles and (2) to create two widely different aggregate 

blends that yield a large enough VMA difference between the two gradations. The recommended 

minimum VMA difference between the two gradations is 1.0 percent. 

Note: If a mix designer has sufficient knowledge and experience to establish two gradations with 

a large difference in VMA, then the designer can use his/her knowledge to create the two 

gradations. Otherwise, guidelines for changing aggregate blend gradations to change the VMA 

can be found in Appendix F. 

 Maintain the same nominal maximum aggregate size (NMAS) between the two 

aggregate blends. 

Note: The NMAS is defined according to AASHTO M 323 – Superpave Volumetric Design as 

the sieve size that is larger than the first sieve to retain more than 10% aggregate. 

 Maintain the same gradation type, e.g., fine-graded, coarse-graded, or stone mastic 

asphalt (SMA), between the two aggregate blends.  

Note: According to AASHTO M 323, aggregate blends of dense-graded mixes typically are 

defined as coarse-graded if they pass below the primary control sieve (PCS) control point on the 

maximum density line. Aggregate blends that pass above the PCS control point are classified as 

fine-graded. Table 41 shows the PCS size and corresponding ‘% passing’ the PCS control point 

for various NMAS values. 

Table 41. Primary Control Sieve Control Points for Mixture Nominal Maximum Aggregate 

Size (% Passing). 

Nominal Maximum 

Aggregate Size (mm) 

Primary Control 

Sieve (PCS) (mm) 

PCS Control Point, 

% Passing 
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9.5 2.36 47 

12.5 2.36 39 

19.0 4.75 47 

25.0 4.75 40 

37.5 9.5 47 

 

 Avoid removing, adding, or replacing the aggregate stockpiles used between the two 

aggregate blends. 

 Limit the maximum difference in RAP content between the two aggregate blends to 

no more than 10%. 

Note: A large change in the RAP content in the mix design will have a more substantial effect on 

the Sapp and RSI values compared to changes in the virgin aggregate proportions. 

 Limit the maximum difference in % passing of any given sieve between the two 

aggregate blends to no more than 20%, if possible. 

2. Record the percent passing the PCS for each gradation. 

3. Record the percent by mass of the total aggregate for each stockpile. Table 42 is an 

example data set for two gradations. 

Table 42. Sample Data Set for the Two Selected Gradations with 9.5 mm NMAS. 

% by Mass of Total Blend 
Gradation 1: 

% Passing PCS = 61.2 

Gradation 2: 

% Passing PCS = 49.4 

Coarse Aggregate Stockpile #1 24 38.5 

Fine Aggregate Stockpile #1 9.5 6.5 

Fine Aggregate Stockpile #2 36.5 25 

RAP 30 30 

 

8.5.4.2.3 Determination of Mixture Properties of Each Trial Gradation 

This procedure mirrors the procedure listed in Sections 7 and 8 of AASHTO R 35. 
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1. Determine initial binder content for each trial aggregate gradation. 

Note: Designers can use either their experience with the materials or the procedure given in 

Appendix X1 of AASHTO R 35 to determine an initial trial binder content (Pbi) for each 

aggregate blend gradation.  

2. Prepare mixtures at the Pbi for each of the chosen trial aggregate blend gradations.  

Note: At least two replicate specimens are required, but three or more may be prepared if 

desired. Generally, 4500 g to 4700 g of aggregate is sufficient for each compacted specimen with 

a height of 110 mm to 120 mm for aggregate with combined bulk specific gravity values of 2.55 

to 2.70, respectively.  

3. Condition the mixtures and compact the specimens to the design number of gyrations 

(Ndesign). The relevant AASHTO standards are:  

 AASHTO R 30 – Mixture Conditioning of Hot Mix Asphalt (HMA) 

 AASHTO T 312 – Preparing and Determining the Density of Asphalt Mixture 

Specimens by Means of the Superpave Gyratory Compactor 

4. Determine the bulk specific gravity (Gmb) of each of the compacted specimens. The 

relevant AASHTO standards are: 

 AASHTO T 166 – Bulk Specific Gravity (Gmb) of Compacted Asphalt Mixtures 

Using Saturated Surface-Dry Specimens 

 AASHTO T 331 – Bulk Specific Gravity (Gmb) and Density of Compacted Asphalt 

Mixtures Using Automatic Vacuum Sealing Method 
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5. Determine the Gmm of separate samples that represent each of the combinations that have 

been mixed and conditioned to the same extent as the compacted specimens. The relevant 

AASHTO standard is:  

 AASHTO T 209 – Theoretical Maximum Specific Gravity (Gmm) and Density of 

Asphalt Mixtures 

Note: The maximum specific gravity for each trial mixture shall be based on the average of at 

least two tests.  

8.5.4.2.4 Volumetric Criteria  

1. Calculate the air void content (Va) and the VMA at the Ndesign for each trial mixture using 

Equations (47) and (48), respectively:  

100 1 mb
a

mm

G
V

G

  
    

  

        (47) 

100 mb s

sb

G P
VMA

G
   (48) 

where 

Gmb  = bulk specific gravity of the extruded specimen, 

Gmm  = theoretical maximum specific gravity of the mixture, 

Ps  = aggregate content, percent by mass of total mixture, and  

Gsb  = bulk specific gravity of the combined aggregate.  

2. Calculate the difference between the two obtained VMA values for the trial blend 

gradations. Preferably, the difference in VMA between the two trial blend gradations 



 

282 

should be greater than 1.0%; however, certain aggregate stockpiles may not allow a large 

enough VMA difference to meet this criterion. 

Note: The higher VMA value between the two gradations shall be greater than the SHA’s 

minimum VMA requirement.  

8.5.4.2.5 Generation of the Design Volumetric Space  

1. Prepare mixtures with the asphalt content of Pbi ± 0.5% for each of the chosen aggregate 

blend gradations.  

Note: At least two replicate specimens are required, but three or more may be prepared if 

desired. Generally, 4500 g to 4700 g of aggregate is sufficient for each compacted specimen with 

a height of 110 mm to 120 mm for aggregates with combined bulk specific gravity values of 2.55 

to 2.70, respectively.  

2. Condition the mixtures and compact the specimens to Ndesign gyrations. The relevant 

AASHTO standards are:  

 AASHTO R 30 – Mixture Conditioning of Hot Mix Asphalt (HMA) 

 AASHTO T 312 – Preparing and Determining the Density of Asphalt Mixture 

Specimens by Means of the Superpave Gyratory Compactor 

3. Determine the Gmb of each of the compacted specimens. The relevant AASHTO 

standards are: 
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 AASHTO T 166 – Bulk Specific Gravity (Gmb) of Compacted Asphalt Mixtures 

Using Saturated Surface-Dry Specimens 

 AASHTO T 331 – Bulk Specific Gravity (Gmb) and Density of Compacted Asphalt 

Mixtures Using Automatic Vacuum Sealing Method 

4. Determine the design asphalt content that produces a target Va (e.g., 4%) at the Ndesign 

gyrations using the following steps:  

 Calculate the Va and VMA at the Ndesign for each mixture using Equations (47) and 

(48), respectively. 

 Plot the average Va versus asphalt content. Figure 87 presents an example plot. 

 By graphical or mathematical interpolation (Figure 87), determine the binder content 

to the nearest 0.1% at which the target Va is met. This value corresponds to the design 

binder content (Pb) at the Ndesign.  

 

Figure 87. Example volumetric design data at Ndesign for two volumetric conditions. 
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5. Calculate the effective specific gravity (Gse) for each gradation at the Pbi from the 

measured Gmm (Section 8.5.4.2.3) using Equation (49). 

100

100
b

se
b

mm b

P
G

P

G G






  (49) 

6. Calculate the Gmm for each gradation at the Pb using the Gse calculated from Step 5, as 

shown in Equation (50). 

100

100mm
b b

se b

G
P P

G G






   (50) 

7. Calculate the VMA using Equation (48) and the VFA using Equation (51) for the two 

gradations at the Pb.  

100 aVMA V
VFA

VMA

 
  

 
   (51) 

8. Plot the two volumetric conditions using the VMA as the x-axis and the VFA as the y-

axis. The space defined by the VMA and VFA is the design volumetric space. Figure 88 

presents an example of two volumetric conditions in the VMA-VFA space.  
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Figure 88. Example design volumetric space using two volumetric conditions. 

8.5.4.2.6 Performance Testing at the Two Volumetric Conditions 

1. Conduct dynamic modulus, cyclic fatigue, and SSR tests at the two volumetric 

conditions. The performance test specimens should be fabricated and tested at the design 

air void content. 

Note: For details regarding specimen fabrication, the required number of specimens, and 

performance testing, refer to Section 8.3.3 Volumetric and Performance Testing. 

2. Analyze the dynamic modulus, cyclic fatigue, and SSR test results using FlexMATTM to 

determine the performance index (Sapp and RSI) values. 

Note: For more information about access to FlexMATTM for analysis of the AMPT dynamic 

modulus, cyclic fatigue, and SSR test results, refer to Section 8.3.4 Data Analysis, Data 

Cleaning, and Data Storage. 
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8.5.4.2.7 Performance-Binder Content and Binder Content-Gradation Relationships 

1. Plot the Sapp and RSI values against the binder content. Figure 89 presents an example 

plot.  

 

Figure 89. Example Sapp and RSI values plotted as a function of binder content at target air 

void content. 

2. Plot the % passing PCS versus binder content for each gradation. Figure 90 presents an 

example plot. 

Note: Each binder content has a corresponding VMA value (and therefore gradation) because the 

air void content and compaction effort are constant. 
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Figure 90. Example of % passing PCS as a function of binder content at target air void 

content. 

8.5.4.2.8 Performance-Optimum Mix Design Using Index Thresholds 

1. Select appropriate Sapp and RSI threshold values according to the traffic and 

environmental requirements specified by the SHA for the desired paving project. Pre-

established threshold values for Sapp and RSI can be found in Section 8.4.1 Sapp and RSI 

Threshold Values. 

2. By graphical or mathematical interpolation (Figure 89 and Figure 90), determine an 

allowable range of mixture design (binder content to the nearest 0.1% and % passing PCS 

to the nearest 1%) at which the appropriate Sapp and RSI threshold values as well as any 

additional volumetric requirements set by the SHA are met. Contractors may select the 

final design from the allowable range of mixture designs based on cost, their experience 

with mix design and production, and risks associated with the selected mix design. 

Note: In the example, the selected Sapp and RSI thresholds are 24 and 4% for heavy traffic, 

respectively. Based on the example Sapp-Pb relationship shown in Figure 89, the Sapp threshold 

leads to a minimum asphalt content of 6.2%. Based on the RSI-Pb relationship, the RSI threshold 
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requires a maximum asphalt content of 6.3%. Therefore, the potential optimum asphalt content is 

in the range of 6.2% to 6.3%.  These binder contents yield the potential optimum % passing PCS 

range of 57% to 59% according to the % passing PCS-Pb relationship.  

Note: The Superpave volumetric optimum binder content for this example mixture is 5.8%. The 

minimum binder content based on the Sapp threshold is 6.2%. This example demonstrates the 

ability of BMD+ to determine the design binder content based on performance.  

3. If an allowable range of mix designs does not exist, the Sapp and RSI threshold values can 

be tried at a lower traffic level than the original intended level. 

4. Determine the aggregate stockpile proportions that yield a gradation with a % passing 

PCS value that falls within the potential optimum % passing PCS range determined from 

Step 2 using the following steps:  

 Interpolate between the two gradations the % by mass of total blend for each 

stockpile recorded in Section 8.5.4.2.2 Step 3 using the % passing PCS value 

determined in Step 2. Table 43 is an example data set.  

 Determine the % passing PCS value using the calculated stockpile proportions and 

sieve analysis data for the stockpiles. If the obtained % passing PCS value is within ± 

1% of the target % passing PCS value determined in Step 2, proceed to the next step; 

otherwise, apply fine adjustments to the stockpile proportions to obtain the % passing 

PCS value within ± 1% from the target % passing PCS value, or use Figure 90 to 

determine the binder content associated with the calculated % passing PCS value. 

Either way, the resulting Sapp and RSI values for the adjusted mixture design should 

be higher than the threshold values for the given traffic level. 
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Table 43. Sample Data Set for Optimum Gradation. 

% by Mass of Total Blend 
Optimum Gradation: 

% Passing PCS = 58% 

Coarse Aggregate Stockpile #1 28 

Fine Aggregate Stockpile #1 9 

Fine Aggregate Stockpile #2 33 

RAP 30 

 

Note: If the RAP content differs between the two gradations, then the RAP content of the 

optimum gradation must be the interpolated using the % passing PCS criterion.  

8.5.4.2.9 Moisture Testing and Criteria Check 

1. Select one moisture damage test from Section 7 of AASHTO MP 46 and evaluate the mix 

design (optimum gradation and asphalt content from Section 8.5.4.2.8, Step 2) for 

moisture susceptibility. 

2. If the moisture damage test results satisfy the corresponding performance criteria in 

AASHTO MP 46 Section 7, then establish the JMF; otherwise, take remedial action such 

as the use of antistripping agents, different sources or grades of asphalt binder, or 

different types of aggregate to improve the moisture resistance of the mix selected in 

Section 8.5.4.2.8, Step 2. Retest the mix to ensure compliance with the same mixture 

rutting, cracking, and moisture damage test criteria. 
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8.5.5 BMD+ Tier Three: Four-Corner Volumetric Domain 

8.5.5.1 Requirements 

8.5.5.1.1 Equipment and Training 

Acquire the necessary equipment and obtain appropriate training to fabricate specimens 

and conduct AMPT dynamic modulus, cyclic fatigue and SSR testing. For details regarding the 

required equipment and training, refer to Section 8.3.1 Equipment and Training. 

8.5.5.1.2 Sampling of Materials and Documentation 

The suggested sampling plan for a single mixture is Sampling Plan 4. Details can be 

found in Section 8.3.2.2 Sampling Plans. Sampling Plan 4 involves collecting 1900 lb. of 

component materials. Additional information regarding the sampling requirements, storage 

information, and material information is provided in Section 8.3.2 Sampling of Materials and 

Documentation. 

Note: The estimated material quantity provided in the sampling plan should be sufficient to 

conduct all the required AMPT testing and appropriate volumetric testing while also providing a 

safety net if any tests need to be repeated. 

Note: Other applications of Sapp and the RSI presented in this document require additional 

quantities of materials that are not accounted for in this material quantity estimate. If the SHA is 

interested in these applications as well as conducting Tier Three of BMD+, then the SHA is 

encouraged to group quantities of materials from multiple sampling plans in order to ensure 

sufficient materials for all the desired Sapp and RSI applications.  
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8.5.5.2 Guidelines for BMD+ Tier Three Mix Design 

These guidelines are based on AMPT performance testing at four volumetric conditions. 

The following sections describe the steps required to conduct BMD+ Tier Three mix design.  

8.5.5.2.1 Material Selection 

1. Select the asphalt binder, aggregate, and RAP stockpiles according to the traffic and 

environmental requirements specified by the SHA for the desired paving project. 

2. Determine the raw material properties listed in Table 40. Table 40 also lists the relevant 

AASHTO standards; however, equivalent local specifications also can be utilized. The 

SHA’s judgment and experience can be used to estimate material properties where 

applicable. 

8.5.5.2.2 Aggregate Blend Gradation Preparation 

1. Prepare two trial aggregate blend gradations such that the first gradation is close to the 

maximum density line and the second gradation is close to the upper (for fine-graded 

mixtures) or lower (for coarse-graded mixtures) gradation limits specified by the SHA, 

by meeting the following requirements: 

Note: The two selected gradations do not necessarily need to meet the SHA’s volumetric and 

gradation requirements, except that the gradation with a higher VMA should meet the SHA’s 

minimum VMA requirement. 

Note: The reasons for selecting two gradations are: (1) to cover a wide range of gradations that 

are possible with the given aggregate stockpiles and (2) to create two widely different aggregate 

blends that yield a large enough VMA difference between the two gradations. The recommended 
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minimum VMA difference between the two gradations is 1.0 percent. 

Note: If a mix designer has sufficient knowledge and experience to establish two gradations with 

a large difference in VMA, then the designer can use his/her knowledge to create the two 

gradations. Otherwise, guidelines for changing aggregate blend gradations to change the VMA 

can be found in Appendix F. 

 Maintain the same NMAS between the two aggregate blends. 

Note: The NMAS is defined according to AASHTO M 323 – Superpave Volumetric Design as 

the sieve size that is larger than the first sieve to retain more than 10% aggregate. 

 Maintain the same gradation type, e.g., fine-graded, coarse-graded, or SMA, between 

the two aggregate blends.  

Note: According to AASHTO M 323, aggregate blends of dense-graded mixes typically are 

defined as coarse-graded if they pass below the PCS control point on the maximum density line. 

Aggregate blends that pass above the PCS control point are classified as fine-graded. Table 41 

shows the PCS values and corresponding % passing PCS control point for various NMAS 

values. 

 Avoid removing, adding, or replacing the aggregate stockpiles used for the two 

aggregate blends. 

 Limit the maximum difference in RAP content between the two aggregate blends to 

no more than 10%. 

Note: A large change in the RAP content in the mix design would have a more substantial effect 



 

293 

on Sapp and RSI values than changes in the virgin aggregate proportions. 

 Limit the maximum difference in % passing of any given sieve between the two 

aggregate blends to no more than 20%, if possible. 

2. Record the percent passing the PCS for each gradation. 

3. Record the percent by mass of the total aggregate for each stockpile. Table 42 is an 

example data set for two gradations. 

8.5.5.2.3 Determination of Volumetric Properties of Each Trial Gradation 

This procedure mirrors the procedure listed in Sections 7 and 8 of AASHTO R 35. 

1. Determine the initial binder content for each trial aggregate gradation. 

Note: Designers can use either their experience with the materials or the procedure given in 

Appendix X1 of AASHTO R 35 to determine the Pbi for each aggregate blend gradation.  

2. Prepare mixtures at the Pbi for each of the chosen trial aggregate blend gradations.  

Note: At least two replicate specimens are required, but three or more may be prepared if 

desired. Generally, 4500 g to 4700 g of aggregate is sufficient for each compacted specimen with 

a height of 110 mm to 120 mm for aggregate with combined bulk specific gravity values of 2.55 

to 2.70, respectively.  

3. Condition the mixtures and compact the specimens to Ndesign gyrations. The relevant 

AASHTO specifications are:  

 AASHTO R 30 – Mixture Conditioning of Hot Mix Asphalt (HMA) 
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 AASHTO T 312 – Preparing and Determining the Density of Asphalt Mixture 

Specimens by Means of the Superpave Gyratory Compactor 

4. Determine the Gmb of each of the compacted specimens. The relevant AASHTO 

specifications are: 

 AASHTO T 166 – Bulk Specific Gravity (Gmb) of Compacted Asphalt Mixtures 

Using Saturated Surface-Dry Specimens 

 AASHTO T 331 – Bulk Specific Gravity (Gmb) and Density of Compacted Asphalt 

Mixtures Using Automatic Vacuum Sealing Method 

5. Determine the Gmm of separate samples that represent each of the combinations that have 

been mixed and conditioned to the same extent as the compacted specimens. The relevant 

AASHTO standard is:  

 AASHTO T 209 – Theoretical Maximum Specific Gravity (Gmm) and Density of 

Asphalt Mixtures 

Note: The maximum specific gravity for each trial mixture shall be based on the average of at 

least two tests.  

8.5.5.2.4 Volumetric Criteria  

1. Calculate the Va and VMA at the Ndesign for each trial mixture using Equations (47) and 

(48), respectively. 

2. Calculate the difference between the two obtained VMA values for the trial blend 

gradations. Preferably, the difference in VMA between the two trial blend gradations 
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should be greater than 1.0%; however, certain aggregate stockpiles may not allow a large 

enough VMA difference to meet this criterion.  

8.5.5.2.5 Generation of the Design Volumetric Space 

1. Prepare mixtures with asphalt contents of Pbi ± 0.5% for each of the chosen aggregate 

blend gradations.  

Note: At least two replicate specimens are required, but three or more may be prepared if 

desired. Generally, 4500 g to 4700 g of aggregate is sufficient for each compacted specimen with 

a height of 110 mm to 120 mm for aggregate with combined bulk specific gravity values of 2.55 

to 2.70, respectively.  

2. Condition the mixtures and compact the specimens to Ndesign gyrations. The relevant 

AASHTO specifications are:  

 AASHTO R 30 – Mixture Conditioning of Hot Mix Asphalt (HMA) 

 AASHTO T 312 – Preparing and Determining the Density of Asphalt Mixture 

Specimens by Means of the Superpave Gyratory Compactor 

3. Determine the Gmb of each of the compacted specimens. The relevant AASHTO 

specifications are: 

 AASHTO T 166 – Bulk Specific Gravity (Gmb) of Compacted Asphalt Mixtures 

Using Saturated Surface-Dry Specimens 

 AASHTO T 331 – Bulk Specific Gravity (Gmb) and Density of Compacted Asphalt 

Mixtures Using Vacuum Sealing Method 
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4. Determine the design binder contents that produce a target Va of the design air void 

content  1% at the Ndesign gyrations using the following steps (hereinafter the design air 

void content of 4% is used as an example for simplicity):  

 Calculate the Va and VMA at the Ndesign for each mixture using Equations (47) and 

(48), respectively. 

 Plot the average Va versus asphalt content. Figure 91 presents an example plot.  

Fit a linear function of the form shown in Equation (52) to generate the asphalt 

content versus air void content relationship for each gradation.  

 a bV a P b      (52) 

where 

Va  = air void content at Ndesign, and  

a and b  = fitting coefficients. 

 Determine Pb to the nearest 0.1% at which the target Va values are equal to 3% and 

5% using Equation (52) for each gradation.  
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Figure 91. Sample volumetric design data at Ndesign for four volumetric conditions. 

5. Calculate the Gse for each gradation from the measured Gmm (Section 8.5.5.2.3) using 

Equation (49) at the Pbi. 

6. Calculate the Gmm for each gradation at the Pb using the Gse calculated from Step 5 as 

shown in Equation (50). 

7. Calculate the VMA using Equation (48) and the VFA using Equation (51) for the two 

gradations at the Pb that correspond respectively to 3% and 5% target Va.  

8. Generate a table that summarizes the Gse, Gsb, average VMA (at Pb values that 

correspond to 3% and 5% target Va) for each gradation, and the asphalt content vs. air 

void content relationship coefficients. Table 44 presents an example data set.  

Table 44. Sample Data Set (VMA, Gse, Gsb, and Asphalt Content vs. Air Void Content 

Relationship Parameters) for Two Gradations 

Gradation VMA Gse Gsb 
Pb-Va Relationship 

Coefficient a Coefficient b 

Gradation 1 18.3 2.672 2.646 -2.2 18.25 

Gradation 2 15.3 2.697 2.644 -3.1 21.56 
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9. Plot the four volumetric conditions using the VMA as the x-axis and the VFA as the y-

axis. The space defined by the VMA and VFA is the design volumetric space. Figure 92 

presents an example of the four volumetric conditions in the VMA-VFA space.  

 

Figure 92. Example design volumetric space using four volumetric conditions. 

8.5.5.2.6 Performance Testing at the Four Volumetric Conditions 

1. Conduct dynamic modulus, cyclic fatigue, and SSR tests at the four volumetric 

conditions. For the volumetric conditions with a design Va of 3%, fabricate the 

performance test specimens at an air void content of 3.0% ±0.5%. For the volumetric 

conditions with a design Va of 5%, fabricate the performance test specimens at an air void 

content of 7.0% ±0.5%.  

Note: For detailed information regarding specimen fabrication, the required number of 

specimens, and performance testing, refer to Section 8.3.3 Volumetric and Performance Testing. 

Note: The test specimen air void content of 7% is selected to mimic the typical in-place density 

measured in paving projects. A test specimen air void content that is greater than 7% normally 
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results in gyratory specimen air void contents that are greater than 8.5% to 9 percent. Test 

specimens obtained from the gyratory specimens with these high air void contents exhibit high 

variability in the performance test results. 

2. Analyze the dynamic modulus, cyclic fatigue, and SSR test results using FlexMATTM 

software and generate material coefficient files for use in FlexPAVETM.  

3. Use FlexPAVETM
 to predict the pavement performance at the four volumetric conditions 

by inputting the output material coefficient files from FlexMATTM into FlexPAVETM. If 

the pavement structure of the project is unknown, then a SHA selects a typical pavement 

structure used in their state for the traffic level at which the mixture is being designed to 

serve.  

Note: For more information about access to FlexMATTM for analysis of the AMPT dynamic 

modulus, cyclic fatigue, and SSR test results and access to FlexPAVETM for pavement 

performance analysis, refer to Section 8.3.4 Data Analysis, Data Cleaning, and Data Storage. 

4. Record the predicted percentage of damage (% Damage) versus time and calculate the 

percentage of the average permanent strain (% APS) using Equation (53). 

 %
RD

APS
d

    (53) 

where 

% APS  = percentage of the average permanent strain,  

RD  = rut depth, or permanent deformation of the target asphalt layer, and 

d  = target asphalt layer thickness.  
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8.5.5.2.7 Calibration of Performance-Volumetrics Relationship Function 

1. Calculate the in-place VMA (VMAIP) and the in-place VFA (VFAIP) using Equation (54) 

and Equation (55), respectively, for each of the four corners volumetric conditions.  

  
%

100 100
100

mm
IP

a

G
VMA VMA

V

 
    

 
   (54) 

 
100 %

100 100mm
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IP

G
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   (55) 

where 

%Gmm = average density of the performance test specimens,  

Va = design air void content,  

VMA = voids in the mineral aggregate,  

VFA = voids filled with asphalt, and  

IP = in-place. 

2. Calibrate the PVR functions using the % Damage, % APS, VMAIP, and VFAIP for each 

volumetric condition. The general form of the % Damage and % APS PVRs are shown in 

Equations (56) and (57), respectively.  

 0 1 2% f f IP f IPDamage VMA VFA         (56) 

 0 1 2% r r IP r IPAPS VMA VFA          (57) 

where 

% Damage = the percentage of damage in the pavement cross-section at the end of the 

design life predicted by FlexPAVETM, 

% APS = the average permanent strain of the asphalt layer at the end of the design life 
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predicted by FlexPAVETM, and 

βf0, βf1, βf2, βr1, βr2, and βr0 = fitting coefficients. 

3. Determine the minimum and maximum VMAIP and VFAIP values from each of the four 

volumetric conditions. Table 45 shows an example data set.  

Table 45. Example Data Set for Four Volumetric Conditions. 

Volumetric Condition ID VMAIP VFAIP 

Condition 1 18.1 83.4 

Condition 2 17.9 72.0 

Condition 3 15.3 80.4 

Condition 4 15.7 68.1 

 

4. Generate a 21-element array for each of the VMAIP and VFAIP parameters by conducting 

linear interpolation between the minimum and maximum values obtained in Step 3. Table 

46 shows an example data set.  

Table 46. Example Data Set for VMAIP and VFAIP Arrays. 

Element Number VMAIP VFAIP Element Number VMAIP VFAIP 

1 15.3 83.4 12 16.8 75.0 

2 15.5 82.6 13 17.0 74.2 

3 15.6 81.9 14 17.1 73.5 

4 15.7 81.1 15 17.2 72.7 

5 15.9 80.3 16 17.4 71.9 

6 16.0 79.6 17 17.5 71.2 

7 16.1 78.8 18 17.6 70.4 

8 16.3 78.0 19 17.8 69.7 

9 16.4 77.3 20 17.9 68.9 

10 16.6 76.5 21 18.1 68.1 

11 16.7 75.8    
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5. Generate two 21×21 matrices whose elements are % Damage and % APS at the end of 

the design life, respectively, calculated using the VMAIP and VFAIP arrays obtained in 

Step 4. Figure 93 shows an example data set.  

 

Figure 93. Sample data set for (a) % damage matrix and (b) % APS matrix. 

83.4 15.2 15.1 14.9 14.8 14.7 14.6 14.5 14.4 14.3 14.1 14.0 13.9 13.8 13.7 13.6 13.5 13.4 13.2 13.1 13.0 12.9 19.1

15.4 15.2 15.1 15.0 14.9 14.8 14.7 14.6 14.5 14.3 14.2 14.1 14.0 13.9 13.8 13.7 13.6 13.4 13.3 13.2 13.1

15.6 15.4 15.3 15.2 15.1 15.0 14.9 14.8 14.7 14.5 14.4 14.3 14.2 14.1 14.0 13.9 13.7 13.6 13.5 13.4 13.3

15.8 15.6 15.5 15.4 15.3 15.2 15.1 15.0 14.8 14.7 14.6 14.5 14.4 14.3 14.2 14.1 13.9 13.8 13.7 13.6 13.5 18.2

80.3 15.9 15.8 15.7 15.6 15.5 15.4 15.3 15.2 15.0 14.9 14.8 14.7 14.6 14.5 14.4 14.3 14.1 14.0 13.9 13.8 13.7

16.1 16.0 15.9 15.8 15.7 15.6 15.5 15.4 15.2 15.1 15.0 14.9 14.8 14.7 14.6 14.4 14.3 14.2 14.1 14.0 13.9

16.3 16.2 16.1 16.0 15.9 15.8 15.7 15.5 15.4 15.3 15.2 15.1 15.0 14.9 14.8 14.6 14.5 14.4 14.3 14.2 14.1 17.2

16.5 16.4 16.3 16.2 16.1 16.0 15.9 15.7 15.6 15.5 15.4 15.3 15.2 15.1 15.0 14.8 14.7 14.6 14.5 14.4 14.3

77.3 16.7 16.6 16.5 16.4 16.3 16.2 16.1 15.9 15.8 15.7 15.6 15.5 15.4 15.3 15.1 15.0 14.9 14.8 14.7 14.6 14.5

16.9 16.8 16.7 16.6 16.5 16.4 16.2 16.1 16.0 15.9 15.8 15.7 15.6 15.5 15.3 15.2 15.1 15.0 14.9 14.8 14.7 16.3

17.1 17.0 16.9 16.8 16.7 16.6 16.4 16.3 16.2 16.1 16.0 15.9 15.8 15.7 15.5 15.4 15.3 15.2 15.1 15.0 14.9

17.3 17.2 17.1 17.0 16.9 16.8 16.6 16.5 16.4 16.3 16.2 16.1 16.0 15.9 15.7 15.6 15.5 15.4 15.3 15.2 15.1

74.2 17.5 17.4 17.3 17.2 17.1 16.9 16.8 16.7 16.6 16.5 16.4 16.3 16.2 16.0 15.9 15.8 15.7 15.6 15.5 15.4 15.3 15.4

17.7 17.6 17.5 17.4 17.3 17.1 17.0 16.9 16.8 16.7 16.6 16.5 16.4 16.2 16.1 16.0 15.9 15.8 15.7 15.6 15.5

17.9 17.8 17.7 17.6 17.5 17.3 17.2 17.1 17.0 16.9 16.8 16.7 16.6 16.4 16.3 16.2 16.1 16.0 15.9 15.8 15.6

18.1 18.0 17.9 17.8 17.6 17.5 17.4 17.3 17.2 17.1 17.0 16.9 16.7 16.6 16.5 16.4 16.3 16.2 16.1 16.0 15.8 14.4

71.2 18.3 18.2 18.1 18.0 17.8 17.7 17.6 17.5 17.4 17.3 17.2 17.1 16.9 16.8 16.7 16.6 16.5 16.4 16.3 16.2 16.0

18.5 18.4 18.3 18.2 18.0 17.9 17.8 17.7 17.6 17.5 17.4 17.3 17.1 17.0 16.9 16.8 16.7 16.6 16.5 16.3 16.2

18.7 18.6 18.5 18.4 18.2 18.1 18.0 17.9 17.8 17.7 17.6 17.4 17.3 17.2 17.1 17.0 16.9 16.8 16.7 16.5 16.4 13.5

18.9 18.8 18.7 18.5 18.4 18.3 18.2 18.1 18.0 17.9 17.8 17.6 17.5 17.4 17.3 17.2 17.1 17.0 16.9 16.7 16.6

68.1 19.1 19.0 18.9 18.7 18.6 18.5 18.4 18.3 18.2 18.1 18.0 17.8 17.7 17.6 17.5 17.4 17.3 17.2 17.0 16.9 16.8 12.9

15.3 15.9 16.4 17 17.5 18.1

(a)

83.4 1.87 1.91 1.95 2 2.04 2.08 2.13 2.17 2.21 2.26 2.3 2.34 2.39 2.43 2.47 2.52 2.56 2.6 2.65 2.69 2.73 2.7

1.83 1.88 1.92 1.96 2.01 2.05 2.09 2.14 2.18 2.22 2.27 2.31 2.35 2.4 2.44 2.48 2.53 2.57 2.61 2.66 2.7

1.8 1.84 1.88 1.93 1.97 2.01 2.06 2.1 2.14 2.19 2.23 2.27 2.32 2.36 2.4 2.45 2.49 2.53 2.58 2.62 2.66

1.76 1.8 1.85 1.89 1.93 1.98 2.02 2.06 2.11 2.15 2.19 2.24 2.28 2.32 2.37 2.41 2.45 2.5 2.54 2.58 2.63 2.5

80.3 1.73 1.77 1.81 1.86 1.9 1.94 1.99 2.03 2.07 2.12 2.16 2.2 2.25 2.29 2.33 2.38 2.42 2.46 2.51 2.55 2.59

1.69 1.73 1.78 1.82 1.86 1.91 1.95 1.99 2.04 2.08 2.12 2.17 2.21 2.25 2.3 2.34 2.38 2.43 2.47 2.51 2.56

1.65 1.7 1.74 1.78 1.83 1.87 1.91 1.96 2 2.04 2.09 2.13 2.17 2.22 2.26 2.3 2.35 2.39 2.43 2.48 2.52 2.3

1.62 1.66 1.71 1.75 1.79 1.84 1.88 1.92 1.97 2.01 2.05 2.1 2.14 2.18 2.23 2.27 2.31 2.36 2.4 2.44 2.49

77.3 1.58 1.63 1.67 1.71 1.76 1.8 1.84 1.89 1.93 1.97 2.02 2.06 2.1 2.15 2.19 2.23 2.28 2.32 2.36 2.41 2.45

1.55 1.59 1.63 1.68 1.72 1.76 1.81 1.85 1.89 1.94 1.98 2.02 2.07 2.11 2.15 2.2 2.24 2.28 2.33 2.37 2.41 2.0

1.51 1.56 1.6 1.64 1.69 1.73 1.77 1.82 1.86 1.9 1.95 1.99 2.03 2.08 2.12 2.16 2.21 2.25 2.29 2.34 2.38

1.48 1.52 1.56 1.61 1.65 1.69 1.74 1.78 1.82 1.87 1.91 1.95 2 2.04 2.08 2.13 2.17 2.21 2.26 2.3 2.34

74.2 1.44 1.49 1.53 1.57 1.62 1.66 1.7 1.75 1.79 1.83 1.88 1.92 1.96 2.01 2.05 2.09 2.14 2.18 2.22 2.27 2.31 1.8

1.41 1.45 1.49 1.54 1.58 1.62 1.67 1.71 1.75 1.8 1.84 1.88 1.93 1.97 2.01 2.06 2.1 2.14 2.19 2.23 2.27

1.37 1.41 1.46 1.5 1.54 1.59 1.63 1.67 1.72 1.76 1.8 1.85 1.89 1.93 1.98 2.02 2.06 2.11 2.15 2.19 2.24

1.34 1.38 1.42 1.47 1.51 1.55 1.6 1.64 1.68 1.73 1.77 1.81 1.86 1.9 1.94 1.99 2.03 2.07 2.12 2.16 2.2 1.6

71.2 1.3 1.34 1.39 1.43 1.47 1.52 1.56 1.6 1.65 1.69 1.73 1.78 1.82 1.86 1.91 1.95 1.99 2.04 2.08 2.12 2.17

1.26 1.31 1.35 1.39 1.44 1.48 1.52 1.57 1.61 1.65 1.7 1.74 1.78 1.83 1.87 1.91 1.96 2 2.04 2.09 2.13

1.23 1.27 1.32 1.36 1.4 1.45 1.49 1.53 1.58 1.62 1.66 1.71 1.75 1.79 1.84 1.88 1.92 1.97 2.01 2.05 2.1 1.3

1.19 1.24 1.28 1.32 1.37 1.41 1.45 1.5 1.54 1.58 1.63 1.67 1.71 1.76 1.8 1.84 1.89 1.93 1.97 2.02 2.06

68.1 1.16 1.2 1.25 1.29 1.33 1.38 1.42 1.46 1.51 1.55 1.59 1.64 1.68 1.72 1.77 1.81 1.85 1.9 1.94 1.98 2.03 1.2

15.3 15.9 16.4 17 17.5 18.1

(b)VMAIP 

% APS

V
F

A
IP

 

VMAIP 

% Damage

V
F

A
IP

 



 

303 

8.5.5.2.8 Generation of Life Contours Based on Cracking and Rutting 

1. Calibrate the PVR function with time (PVR-t) for both % Damage and % APS. The 

general form of the PVR-t function is shown in Equation (58).  

  
 

20 0

n

P p t
Pf t

m t

 



   (58) 

where 

Pf(t)  = predicted % Damage or % APS as a function of time predicted by 

FlexPAVETM, 

P20  = predicted % Damage or % APS at the end of the design life obtained from the 

PVR, 

t  = time in months, and 

p0, m, n = fitting coefficients. 

2. Calculate the % Damage and % APS with time using PVR-t with % Damage and % APS 

at the end of the design life that are calculated for each element of the matrices generated 

in Section 8.5.5.2.7, Step 5.  

3. Select the appropriate percentage of cracking (% Cracking) and % APS threshold values 

according to the traffic and environmental requirements specified by the SHA for the 

desired paving project.  

4. Use Equations (59) and (60) to back-calculate the % Damage and % APS, respectively, 

that correspond to the selected % Cracking and RD values in Step 3. 
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6.0672

50
%

7,970.327
1

%

Cracking

Damage





   (59) 

 % 0.929 % ACAPS APS     (60) 

where 

% APS = predicted percentage of average permanent strain after calibration, 

% APSAC = percentage of average permanent strain of the asphalt layer at the end of the 

design life predicted by FlexPAVETM, 

% Damage = percentage of damage in the pavement cross-section at the end of the design 

life predicted by FlexPAVETM, and 

% Cracking = the calibrated percentage of cracking. 

5. Using the % Damage and % APS arrays with time obtained in Step 2, find the number of 

years that correspond to the maximum allowable % Damage and % APS values obtained 

in Step 4 to generate two 21×21 matrices. Figure 94 shows a sample data set. The % 

Cracking and % APS values used to generate Figure 94 are 25% and 2%, respectively.  
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Figure 94. Sample data set for life contours based on (a) % cracking and (b) rutting. 

6. Calculate the minimum number of years between the two matrices (i.e., life contours for 

% Cracking and % APS) for each element. Figure 95 shows an example data set. 

 

83.4 12 12 13 13 14 15 15 16 17 17 18 19 20 20 20 20 20 20 20 20 20 20.0

11 12 12 13 13 14 14 15 15 16 17 17 18 19 20 20 20 20 20 20 20

11 11 11 12 12 13 13 14 14 15 16 16 17 18 18 19 20 20 20 20 20

10 10 11 11 11 12 12 13 13 14 14 15 16 16 17 18 19 19 20 20 20

80.3 9 10 10 10 11 11 12 12 12 13 14 14 15 15 16 17 17 18 19 20 20 16.8

9 9 9 10 10 10 11 11 12 12 13 13 14 14 15 15 16 17 17 18 19

8 9 9 9 9 10 10 11 11 11 12 12 13 13 14 14 15 16 16 17 18

8 8 8 9 9 9 10 10 10 11 11 11 12 12 13 13 14 15 15 16 16

77.3 7 8 8 8 8 9 9 9 10 10 10 11 11 12 12 13 13 14 14 15 15 13.6

7 7 7 8 8 8 8 9 9 9 10 10 10 11 11 12 12 13 13 14 14

7 7 7 7 7 8 8 8 9 9 9 9 10 10 11 11 11 12 12 13 13

6 6 7 7 7 7 8 8 8 8 9 9 9 10 10 10 11 11 12 12 12

74.2 6 6 6 7 7 7 7 7 8 8 8 8 9 9 9 10 10 10 11 11 12 10.4

6 6 6 6 6 7 7 7 7 7 8 8 8 8 9 9 9 10 10 11 11

5 6 6 6 6 6 6 7 7 7 7 8 8 8 8 9 9 9 10 10 10

5 5 5 6 6 6 6 6 6 7 7 7 7 8 8 8 8 9 9 9 10

71.2 5 5 5 5 5 6 6 6 6 6 7 7 7 7 7 8 8 8 8 9 9 7.2

5 5 5 5 5 5 5 6 6 6 6 6 7 7 7 7 7 8 8 8 9

4 5 5 5 5 5 5 5 6 6 6 6 6 6 7 7 7 7 8 8 8

4 4 4 5 5 5 5 5 5 5 6 6 6 6 6 6 7 7 7 7 8

68.1 4 4 4 4 5 5 5 5 5 5 5 5 6 6 6 6 6 7 7 7 7 4.0

15.3 15.9 16.4 17.0 17.5 0.0 18.1

(a)

83.4 20 20 20 20 20 20 20 20 19 18 17 16 15 14 13 12 11 11 10 9 9 0 20.0

20 20 20 20 20 20 20 20 20 19 18 16 15 14 13 13 12 11 11 10 9

20 20 20 20 20 20 20 20 20 20 19 17 16 15 14 13 13 12 11 10 10

20 20 20 20 20 20 20 20 20 20 20 18 17 16 15 14 13 12 12 11 10

80.3 20 20 20 20 20 20 20 20 20 20 20 20 18 17 16 15 14 13 12 12 11 17.8

20 20 20 20 20 20 20 20 20 20 20 20 19 18 17 16 15 14 13 12 11

20 20 20 20 20 20 20 20 20 20 20 20 20 19 18 17 15 14 14 13 12

20 20 20 20 20 20 20 20 20 20 20 20 20 20 19 17 16 15 14 13 13

77.3 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 19 17 16 15 14 13 15.6

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 18 17 16 15 14

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 19 18 17 16 15

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 19 18 17 16

74.2 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 19 18 16 13.4

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 19 17

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 18

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

71.2 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 11.1

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

68.1 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 8.9

15.3 15.9 16.4 17.0 17.5 18.1

(b)VMAIP 

Life Contour for Cracking

Life Contour for Rutting
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Figure 95. Example data set for a life contour that considers both cracking and rutting. 

8.5.5.2.9 Determination of Performance-Optimum Mix Design  

1. Select a design air void content (Va) according to the SHA’s specifications for the desired 

paving project.  

2. Generate a 21×21 matrix whose elements are the design air void contents using the 

VMAIP and VFAIP arrays obtained in Section 8.5.5.2.7, Step 4. The Va is calculated using 

Equation (61).  

 1
100

IP
a IP

VFA
V VMA

 
  

 
   (61) 

3. Eliminate the values in the life contour matrix generated in Section 8.5.5.2.8, Step 6 if 

these values correspond to a Va that is greater or less than the selected Va in Step 1. 

Figure 96 shows an example data set. 

83.4 12 12 13 13 14 15 15 16 17 17 17 16 15 14 13 12 11 11 10 9 9 17.2

11 12 12 13 13 14 14 15 15 16 17 16 15 14 13 13 12 11 11 10 9

11 11 11 12 12 13 13 14 14 15 16 16 16 15 14 13 13 12 11 10 10

10 10 11 11 11 12 12 13 13 14 14 15 16 16 15 14 13 12 12 11 10

80.3 9 10 10 10 11 11 12 12 12 13 14 14 15 15 16 15 14 13 12 12 11 14.5

9 9 9 10 10 10 11 11 12 12 13 13 14 14 15 15 15 14 13 12 11

8 9 9 9 9 10 10 11 11 11 12 12 13 13 14 14 15 14 14 13 12

8 8 8 9 9 9 10 10 10 11 11 11 12 12 13 13 14 15 14 13 13

77.3 7 8 8 8 8 9 9 9 10 10 10 11 11 12 12 13 13 14 14 14 13 11.9

7 7 7 8 8 8 8 9 9 9 10 10 10 11 11 12 12 13 13 14 14

7 7 7 7 7 8 8 8 9 9 9 9 10 10 11 11 11 12 12 13 13

6 6 7 7 7 7 8 8 8 8 9 9 9 10 10 10 11 11 12 12 12

74.2 6 6 6 7 7 7 7 7 8 8 8 8 9 9 9 10 10 10 11 11 12 9.3

6 6 6 6 6 7 7 7 7 7 8 8 8 8 9 9 9 10 10 11 11

5 6 6 6 6 6 6 7 7 7 7 8 8 8 8 9 9 9 10 10 10

5 5 5 6 6 6 6 6 6 7 7 7 7 8 8 8 8 9 9 9 10

71.2 5 5 5 5 5 6 6 6 6 6 7 7 7 7 7 8 8 8 8 9 9 6.6

5 5 5 5 5 5 5 6 6 6 6 6 7 7 7 7 7 8 8 8 9

4 5 5 5 5 5 5 5 6 6 6 6 6 6 7 7 7 7 8 8 8

4 4 4 5 5 5 5 5 5 5 6 6 6 6 6 6 7 7 7 7 8

68.1 4 4 4 4 5 5 5 5 5 5 5 5 6 6 6 6 6 7 7 7 7 4.0

15.3 15.9 16.4 17.0 17.5 18.1

VMAIP 

V
F

A
IP
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Figure 96. Example data set for a life contour for 4% design air void content. 

4. Select the minimum acceptable service life for the pavement according to the SHA’s 

specifications for the desired paving project.  

5. Eliminate the values in the life contour matrix obtained in Step 3 that do not meet the 

minimum acceptable service life threshold selected in Step 4. Figure 97 shows an 

example data set with a minimum acceptable service life of 10 years. 

83.4 14.3

80.3 12.5

14 13 13

77.3 12 13 13 14 14 14 10.8

10 10 10 11 11 12

8 8 9 9 9 9

7 7 7 7 8 8

74.2 6 6 6 7 7 9.1

6

71.2 7.3

68.1 5.6

15.3 15.9 16.4 17.0 17.5 18.1

VMAIP 

V
F

A
IP
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Figure 97. Example data set for a life contour based on minimum acceptable life. 

6. Calculate the VMA, Gse, Gsb, and Pb-Va relationship (Equation (52)) coefficients for all 

gradations in between the two selected gradations by conducting linear interpolation 

between the values reported in Table 44. The gradations between the two selected 

gradations can be identified by the % passing PCS value incremented by a value of 1.0. 

Table 47 shows a sample data set.   

83.4 14.3

80.3 13.4

14 13 13

77.3 12 13 13 14 14 14 12.6

10 10 11 11 12

74.2 11.8

71.2 10.9

68.1 10.1

15.3 15.9 16.4 17.0 17.5 18.1

VMAIP 

V
F

A
IP
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Table 47. Sample Data Set for VMA, Gse, Gsb, and Pb-Va Relationship Parameters for All 

Gradations. 

% Passing PCS VMA Gse Gsb 
Pb-Va Relationship 

Coefficient a Coefficient b 

49 15.30 2.697 2.644 -3.10 21.56 

50 15.55 2.695 2.644 -3.03 21.28 

51 15.80 2.693 2.644 -2.95 21.01 

52 16.05 2.690 2.645 -2.88 20.73 

53 16.30 2.688 2.645 -2.80 20.46 

54 16.55 2.686 2.645 -2.73 20.18 

55 16.80 2.684 2.645 -2.65 19.91 

56 17.05 2.682 2.645 -2.58 19.63 

57 17.30 2.680 2.645 -2.50 19.35 

58 17.55 2.678 2.646 -2.43 19.08 

59 17.80 2.676 2.646 -2.35 18.80 

60 18.05 2.674 2.646 -2.28 18.53 

61 18.30 2.672 2.646 -2.20 18.25 

 

7. Calculate the Pb that corresponds to the Va selected in Step 1 using Equation (52) and the 

Pb-Va relationship coefficients calculated in Step 6 for all gradations.  

8. Calculate the Gmm and VFA for all gradations using Equations (50) and (51), respectively, 

using the data calculated in Step 6. 

9. Find the pavement life that corresponds to each gradation’s VMA and VFA values using 

the life contour matrix generated in Section 8.5.5.2.8, Step 6.  

10. Generate a matrix whose elements are the pavement life values that correspond to the Pb 

and Va for all the gradations and then eliminate the pavement life values that do not meet 

the minimum service life threshold selected in Step 4. Figure 98 shows an example data 

set.  
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Figure 98. Example data set for life contour as a function of %Pb and air void content at 

Ndesign. 

11. Repeat Step 7 through Step 10 for any Va at the Ndesign. Figure 98 shows the data for Va at 

Ndesign values of 3.9%, 4.0%, and 4.1 percent. 

12. Select an appropriate mixture design (binder content to the nearest 0.1% and the % 

passing PCS to the nearest 1%) based on costs and the designer’s experience and that also 

meets any additional volumetric requirements set by the SHA. 

Note: Based on the example BMD+ Tier Three data set, the minimum pavement life threshold 

will lead to the minimum asphalt content of around 6.0% to 6.1% with the optimum % passing 

PCS in the range of 56% to 58%.  

13. Determine the aggregate stockpile proportions that yield a gradation with a % passing 

PCS value that falls within the potential optimum % passing PCS range determined from 

Step 12 using the following steps:  

5.0 15.1

14.1

4.5

13.2

10 11 11 12 13 13 15 15 14 13 13 13

4.0 11 11 12 12 13 14 15 14 13 12 12

10 11 13 13 13 14 15 15 13 13 12
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3.5
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 Interpolate between the two gradations the % by mass of total blend for each 

stockpile recorded in Section 8.5.5.2.2 Step 3 using the % passing PCS value 

determined in Step 12. Table 43 is an example data set.  

 Determine the % passing PCS value using the calculated stockpile proportions and 

sieve analysis data for the stockpiles. If the obtained % passing PCS value is within ± 

1% of the target % passing PCS value determined in Step 2, proceed to the next step; 

otherwise, apply fine adjustments to the stockpile proportions to obtain the % passing 

PCS value within ± 1% from the target % passing PCS value, or use the % passing 

PCS – Pb relationship at the desired air void content to determine the binder content 

associated with the calculated % passing PCS value. Either way, the resulting life for 

the adjusted mixture design should be longer than the minimum pavement life 

threshold for the given traffic level. 

Note: If the RAP content differs between the two gradations, then the RAP content of the 

optimum gradation must be the interpolated using the % passing PCS criterion.  

8.5.5.2.10 Moisture Testing and Criteria Check 

1. Select one moisture damage test from Section 7 of AASHTO MP 46 – Balanced Mix 

Design and evaluate the mix design (optimum gradation and binder content from Section 

8.5.5.2.9, Step 12) for moisture susceptibility. 

2. If the moisture damage test results satisfy the corresponding performance criteria in 

AASHTO MP 46 Section 7, then establish the JMF; otherwise, take remedial action such 

as the use of antistripping agents, different sources or grades of asphalt binders, or 

different types of aggregate to improve the moisture resistance of the mix selected in 
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Section 8.5.5.2.9, Step 12. Retest the mix to ensure compliance with the same mixture 

rutting, cracking, and moisture damage test criteria.  
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 SAPP AND RSI APPLICATIONS WITHIN THE PRS FRAMEWORK:  

A BIRD’S-EYE VIEW 

The quality of highway materials and construction translates directly to performance and 

a long pavement life; the better the quality, the better the performance and longer the life of the 

infrastructure product. Performance specifications, by requiring and assessing quality before, 

during, and following construction, help agencies incentivize a good quality product while 

allowing contractors to be innovative. Performance tests that are predictors of pavement 

performance are a key part of performance specifications.  

Specimen preparation and testing time, however, have limited the frequency of 

performance testing used in the QA process. As a result, most SHAs that currently require 

performance tests as part of their mix design procedures have not used them for QA, and those 

that do use performance tests are not using them for payment determination. In addition to the 

testing requirements, many of the methods currently used by SHAs cannot be directly integrated 

into performance prediction models to estimate the long-term behavior of pavements.  

To address these shortcomings and to provide a QA system that integrates mix design 

with performance prediction, construction, acceptance and payment, a PRS concept for the 

design and construction of both concrete and asphalt pavements has been pursued since the early 

1990s. The concept that underlies PRS is to measure key material and construction quality 

characteristics that relate to performance and use these relationships to predict performance 

during both design and construction. Within this concept, acceptance and payment are based on 

the difference between as-designed and as-built performance predictions. 

One promising PRS approach has focused on the AMPT and its associated test methods. 

However, the use of AMPT performance testing for QA purposes poses practical problems that 
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are difficult to overcome. For example, the time required to fabricate performance test specimens 

and conduct all the performance tests is too long for the test results to be used efficiently in 

typical QA processes. Also, any adjustments to the mixture during construction should be based 

on AQCs that can be changed easily. Due to these limitations, the PRS framework preferably 

should employ AQCs (e.g., volumetric properties, binder content, in-place density, etc.) that are 

commonly used in QA processes for asphalt pavements.  

To leverage these AQCs for PRS (or other purposes), researchers recently have 

developed a PVR and associated IVR to link traditional AQCs with AMPT performance test 

index properties and predicted pavement performance. The idea behind these relationships is to 

pre-calibrate the performance/index property variations as a function of the AQCs. For the IVR, 

Sapp and RSI values are predicted based on measurable volumetric properties of asphalt mixtures. 

The IVR can be determined by conducting performance tests at four different volumetric 

conditions (referred to as the four corners) at the project initiation phase. The relationship 

developed between the volumetric properties and Sapp and the RSI at this stage then can be used 

to predict the as-constructed performance index values using the traditional AQCs measured 

during production. Using the IVR, the QA processes currently used by SHAs do not change 

substantially. Common mixture properties, including the Pb, Gmb, and Gmm, are determined 

during production and used to calculate the Va, VMA, and VFA. Those properties along with in-

place density values from roadway testing are input into the IVR to predict the Sapp and RSI 

values. The difference between the as-built performance index values and the as-designed 

performance index values then can be used as the basis for acceptance and payment.  

The general form of the IVR function is described in Equation (62) through Equation (64)

. 
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  (64) 

where  

Index = material index (Sapp for fatigue cracking and RSI for permanent deformation),  

β0, β1, and β2 = fitting coefficients, 

 = residual of the regression, 

%Gmm = in-place density, 

Va = design air void content,  

VMA = voids in the mineral aggregate, 

VFA = voids filled with asphalt, and 

IP = in-place.  

. 
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CHAPTER 9. ROADMAPS TO PERFORMANCE-BASED SPECIFICATIONS 

This chapter presents eight protocols that can allow state highway agencies (SHAs) to use 

AMPT performance test methods, mechanistic models, and PASSFlexTM software programs to 

improve their pavement networks. The ultimate goal of these protocols is performance-based 

specifications (PBS), presented in this chapter as Protocol 8. Various roadmaps to Protocol 8 can 

be developed using different protocols, depending on the preference of the SHA. For this 

chapter, the protocols are renumbered beginning with the simplest as Protocol 1 and progressing 

toward the most comprehensive PBS approach as Protocol 8. 

Table 48 provides a summary of the characteristics of the eight protocols and below is a 

brief description of each. Detailed discussion of each protocol is provided in the sections that 

follow the table. 

1. Protocol 1 requires minimum changes to current SHA specifications. The AMPT tests 

and index parameters, Sapp and RSI determined by FlexMATTM, are only used for mix 

design approval. The index parameters can be used in conjunction with or to replace the 

volumetric property criteria. The SHA’s conventional QA processes are followed.  

2. Protocol 2 is similar to Protocol 1, except that the pavement life predicted by 

FlexPAVETM is used in place of the index parameters (Sapp and RSI) for mix design 

approval. The SHA’s conventional QA processes are followed. 

3. Protocol 3 utilizes the index parameters (Sapp and RSI) for both mix design approval (as 

presented in Protocol 1) and pay table development. In this protocol, SHAs establish the 

pay tables using index-volumetrics relationships (IVRs), which are developed from the 
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AQCs and index values at ‘four corners’ of the volumetric space. The SHA’s 

conventional QA processes are followed. 

4. Protocol 4 is similar to Protocol 3, except that the pay tables are established based on the 

performance-volumetrics relationships (PVRs) between the AQCs and performance (i.e., 

rutting and cracking) predicted by FlexPAVETM instead of the IVRs. The SHA’s 

conventional QA processes are followed. 

5. Protocol 5 is a combination of Protocols 2 and 4. It utilizes the predicted life-based mix 

design approval process presented in Protocol 2 and the pay tables based on PVRs as 

presented in Protocol 4. The SHA’s conventional QA processes are followed. 

6. Protocol 6 is similar to Protocol 5, except that periodic AMPT tests are conducted during 

production in addition to measuring the currently used AQCs. The pavement life 

predicted by FlexPAVETM using the data from the periodic AMPT tests is used to adjust 

pay factors for each performance test period. 

7. Protocol 7 is similar to Protocol 6, except that AMPT tests are conducted on a regular, 

not periodic, basis. 

8. Protocol 8 represents full PBS in which AMPT tests, FlexMATTM, and FlexPAVETM are 

used for pay table development, mix design approval, and pay determination. 
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Table 48. Summary of Eight Potential Protocols. 

Protocol 

Pre-PRS PRS Mix Approval Production 

Volumetric 

Conditions 
Tools 

Pay Table 

Basis 
Tools 

Performance 

Development 
Basis Tools AQCsa Tools 

1 N/A N/A N/A N/A N/A Indices 
AMPT Tests 

FlexMATTM 

Current 

AQCs 
N/A 

2 N/A N/A N/A N/A N/A 
Predicte

d Life 

AMPT Tests 

FlexMATTM 

FlexPAVET

M 

Current 

AQCs 
N/A 

3 4 Corners 

AMPT Tests 

FlexMATTM 

FlexMIXTM 

IVR FlexMIXTM Generalized Indices 
AMPT Tests 

FlexMATTM 

Current 

AQCs 
N/A 

4 4 Corners 

AMPT Tests 

FlexMATTM 

FlexMIXTM 

PVR 

FlexPAVET

M 

FlexMIXTM 

Project 

Specific 
Indices 

AMPT Tests 

FlexMATTM 

Current 

AQCs 
N/A 

5 4 Corners 

AMPT Tests 

FlexMATTM 

FlexMIXTM 

PVR 

FlexPAVET

M 

FlexMIXTM 

Project 

Specific 

Predicte

d Life 

AMPT Tests 

FlexMATTM 

FlexPAVET

M 

Current 

AQCs 
N/A 

6 4 Corners 

AMPT Tests 

FlexMATTM 

FlexMIXTM 

PVR 

w/Periodic 

AMPT Tests 

FlexPAVET

M 

FlexMIXTM 

Project 

Specific 

Predicte

d Life 

AMPT Tests 

FlexMATTM 

FlexPAVET

M 

Current 

AQCs 

Periodic 

AMPT 

FlexMATTM 

FlexPAVETM 

7 4 Corners 

AMPT Tests 

FlexMATTM 

FlexMIXTM 

PVR 

w/Regular 

AMPT Tests 

FlexPAVET

M 

FlexMIXTM 

Project 

Specific 

Predicte

d Life 

AMPT Tests 

FlexMATTM 

FlexPAVET

M 

Current 

AQCs 

Regular AMPT 

FlexMATTM 

FlexPAVETM 

8 Optimum 
AMPT Tests 

FlexMATTM 
Life 

FlexPAVET

M 

Project 

Specific 

Predicte

d Life 

AMPT Tests 

FlexMATTM 

FlexPAVET

M 

In-

Place 

Densit

y 

Regular AMPT 

FlexMATTM 

FlexPAVETM 

Note: aacceptance quality characteristics. 
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 PROTOCOL 1: MIX APPROVAL USING INDEX VALUES AND FIELD 

ACCEPTANCE WITH CONVENTIONAL QUALITY ASSURANCE 

Protocol 1 is the simplest way to use AMPT test methods and index parameters to 

improve the mix approval process. This protocol uses fatigue cracking and rutting indices, i.e., 

the Sapp parameter and RSI, respectively, for mix approval and the SHA’s current QA practice to 

determine payment provisions. Ghanbari et al. (2022) presents threshold values for the Sapp and 

the RSI parameters as a function of traffic level, respectively; however, SHAs may want to 

conduct benchmarking studies to understand the Sapp and RSI values of mixes currently being 

specified and used in their states and adjust the default threshold values for their local materials. 

Figure 99 presents a flowchart of Protocol 1; the steps are described as follows. 

9.1.1 Bidding Process 

9.1.1.1 Step 1: Mix Designs Developed or Selected by Contractors  

On projects where mix designs will have to meet specified performance requirements, 

contractors can develop mix designs using their conventional method or, preferably, BMD+ Tier 

Two method. Contractors also may choose a mix design that has been pre-approved or used 

successfully in previous projects with similar conventional, performance or conventional and 

performance requirements. Depending on SHA requirements, the contractor may need to have 

the AMPT tests performed on their mix designs prior to submittal. Although this step may not be 

required, it is recommended that contractors have enough of their mixtures performance-tested in 

order to have some indication of performance prior to bidding. Guidance Document 1 (Chapter 

8) provides guidelines to integrate BMD+ into the mixture selection process.  
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9.1.1.2 Step 2: Contractors Bid on Project  

Once the contract documents for the project are developed and the project is advertised, 

contractors bid on the project based on their knowledge of existing mixes and project 

specification criteria, specifically the required index parameters (Sapp and the RSI).  

9.1.2 Mix Approval 

9.1.2.1 Step 3: Mix Design Approval by SHA  

Following the award of contracts, contractors submit their mix designs to the SHA for 

approval. If the SHA accepts the contractor’s data for the mix design, then this step may require 

the contractor to submit their measured AMPT test results and Sapp and RSI index values in 

addition to the information typically required by the SHA (e.g., binder content, gradation, 

volumetrics, moisture susceptibility data, etc.). If the SHA performs their own testing for mix 

approval, then this step may require the contractor to submit mix design materials to the SHA 

and the SHA to perform AMPT tests (using the submitted mix design to confirm that the mixture 

meets the required Sapp and RSI criteria) and other tests to check the additionally required 

information. The SHA approves the design based on the required volumetric properties and 

index values.  

9.1.3 Mix Production 

9.1.3.1 Step 4: Mix Production – Quality Assurance  

Once the project is awarded and the mixture design is approved by the SHA, the 

contractor produces the mixture using the established mix design as the target, and the typical 

QA processes for the SHA are followed. Samples are taken on a traditional random sampling 

basis at a frequency of one sample per sublot. Guidance regarding these aspects are available in 

many references. Finally, because this QA approach continues to utilize conventional QA 
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processes, approved agency verification and independent assurance processes can be used 

without changes to the current practice and no additional training is necessary for QA technicians 

to learn new test methods.  

With respect to determining pay, the SHA’s conventional QA practice and payment 

method should be followed. Protocol 1 does not complete the journey to full PBS but is 

considered a step in that direction. 

 PROTOCOL 2: MIX APPROVAL USING PREDICTED LIFE AND FIELD 

ACCEPTANCE WITH CONVENTIONAL QUALITY ASSURANCE 

Protocol 2 is the simplest way to use the AMPT test methods and pavement life predicted 

by FlexPAVETM to improve the mix approval process. This protocol uses the life predicted from 

FlexPAVETM for mix approval and the SHA’s current QA practice to determine payment 

provisions. SHAs may want to conduct benchmarking studies to determine predicted lives of 

mixes currently being specified and used in their states to gain the knowledge of their existing 

mixes and to become comfortable with the project specification criteria. Figure 100 presents a 

flowchart of Protocol 2 and the steps are as follows. 

9.2.1 Bidding Process 

9.2.1.1 Step 1: Mix Designs Developed by Contractors or Selected by Contractors  

On projects where mix designs will have to meet specified performance requirements, 

contractors can develop mix designs using their conventional method or, preferably, using 

BMD+ Tier Three. Contractors also may choose a mix design that has been pre-approved or 

successfully used in previous projects with similar requirements. Depending on SHA 

requirements, the contractor may need to have their mix designs performance-tested to predict 

performance for the project in question using FlexPAVETM prior to mix design submittal. 

Although this step may not be required, it is recommended that contractors have enough of their 
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mixtures performance-tested in order to have some indication of performance prior to bidding. 

Guidance Document 1 provides guidelines to integrate BMD+ into the mixture selection process. 

9.2.1.2 Step 2: Contractors Bid on Project  

Once the contract documents for the project are developed and the project is advertised, 

contractors bid on the project based on knowledge of their existing mixes and project 

specification criteria, specifically the minimum predicted life requirement.  

9.2.2 Mix Approval 

9.2.2.1 Step 3: Mix Design Approval by SHA 

Following the award of the contract, contractors submit their mix designs to the SHA for 

approval. If the SHA accepts the contractor’s performance data for the mix design, then this step 

may require the contractor to submit their AMPT test results and pavement life data predicted 

from FlexPAVETM in addition to the information typically required by the SHA (e.g., binder 

content, gradation, volumetrics, moisture susceptibility data, etc.). If the SHA performs their own 

testing for mix approval, then this step may require the contractor to submit mix design materials 

to the SHA and the SHA to perform AMPT tests using the submitted mix design and 

FlexPAVETM to predict the pavement life to confirm that the mixture meets the required life and 

to perform other tests to check the additionally required information. The SHA approves the 

design based on the required volumetric properties and predicted life. 

9.2.3 Mix Production 

9.2.3.1 Step 4: Mix Production – Quality Assurance  

Once the project is awarded and the mixture design is approved by the SHA, the 

contractor produces the mixture using the established mix design as the target and the typical QA 

processes for the SHA are followed. Samples are taken on a traditional random sampling basis at 
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a frequency of one sample per sublot. Guidance regarding these aspects is available in many 

references. Finally, because this QA approach continues to utilize conventional QA processes, 

approved agency verification and independent assurance processes can be used without changes 

to current practice and no additional training is necessary.  

With respect to determining pay, the SHA’s conventional QA practice and payment 

method should be followed. As with Protocol 1, this protocol does not complete the journey to 

full PBS but is considered a step in that direction. 

 PROTOCOL 3: MIX APPROVAL USING INDEX VALUES AND FIELD 

ACCEPTANCE WITH PRS BASED ON INDEX-VOLUMETRICS RELATIONSHIPS 

Protocol 3 is the simplest form of PRS. This protocol is also referred to as Protocol A in 

the TFRS-01 project. The main difference between Protocol 3 and Protocols 1 and 2 is that pay 

adjustments in Protocol 3 are based on the difference in index values between as-designed and 

as-constructed pavements. On the other hand, the major strength of this protocol over higher 

level protocols is that it uses the index parameters for the entire protocol and, therefore, does not 

require FlexPAVETM. IVRs, which allow the index values to be predicted as a function of AQC 

values, are used to develop pay tables, and the index parameters are used for mix approval. A 

potential weakness of Protocol 3 is that the index parameters are independent of the pavement 

structure. Thus, pay tables that are developed based on index values may not be as accurate as 

pay tables that are based on the performance (i.e., life) predicted from FlexPAVETM using a 

project-specific pavement structure.  

Protocol 3 through 5 use the relationship between predicted performance and volumetric 

properties to develop pay tables. Predicted performance is indicated by the index parameters in 

Protocol 3 (i.e., by the IVR) and by the life predicted by FlexPAVETM in Protocols 4 and 5 (i.e., 
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by the PVR). Many SHAs currently utilize volumetric properties as an AQC, and therefore, no 

significant change is necessary for QA testing in Protocols 3 through 5. For SHAs that do not 

currently utilize volumetric properties as an AQC, QA requirements, however, would need to 

change. It should be noted that these current AQC-based relationships are not able to detect the 

changes in component materials, e.g., RAP source and content, change in binder source and 

grade, etc., which are addressed in Protocols 6 through 8. Figure 101 presents a flowchart of 

Protocol 3 and the steps are as follows. 

9.3.1 Prior to Developing Performance-Related Specifications  

9.3.1.1 Step 1: Development of a PEMD Database of Mixes  

Prior to implementing an IVR-based QA system, the SHA must develop a database of 

dynamic modulus, cyclic fatigue, and stress sweep rutting test results for typical asphalt mixtures 

currently used in the state. The typical asphalt mixtures can be grouped by the primary factors 

that the SHA knows to affect mixtures in their respective jurisdiction. For example, these factors 

may include layer (i.e., surface, intermediate, and base layers), traffic level (design equivalent 

single-axle loads, or ESALs), and geographic region. Performance assessment of mixtures for 

classification and categorization purposes is also important. Mixtures designed under the same 

set of volumetric-based specifications can yield very different behaviors and hence performance 

attributes (Chapter 10). This need for better performance consistency from mixtures within the 

same classification becomes even more pronounced when applying methods like PRS. The 

process for developing this database is to test various mixture designs at the so-called ‘four 

corners’ of the volumetric space that represent two VMA levels and two air void contents.  
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9.3.2 Performance-Related Specifications 

9.3.2.1 Step 2: Development of Index-Volumetrics Relationships and Other QA Elements  

Once the database is developed, the SHA can start preparing PRS for a specific project. 

The AMPT test data at four corners that are stored in the material database can be analyzed to 

obtain the fatigue cracking and rutting index parameters (Sapp and RSI, respectively). Sapp and the 

RSI, along with the volumetric properties obtained from the four corners, are used to develop the 

fatigue cracking and rutting IVRs, respectively.  

The IVR function represents the relationship between each of the index parameters, Sapp 

and the RSI, and the volumetric properties without considering the variability in the test methods 

that are used to determine the volumetric properties during construction. Thus, to account for test 

variability, Monte Carlo simulations are conducted to develop distributions of the index values 

predicted by the IVR. Initially, typical variations in volumetric properties from previous paving 

projects in the state can be used in the simulations. The index values determined by the Monte 

Carlo simulations then are used to set acceptable quality levels (AQLs).  

Following the development of the appropriate AQLs based on the two index parameters, 

the SHA uses their existing sampling frequency to set lot and sublot sizes, which control the 

frequency of testing and the number of results used to calculate the pay factors for the AQCs. 

An important consideration in developing acceptance specifications is the use of 

operating characteristic (OC) curves to help determine risks to both the buyer and seller 

(contractor). An OC curve is a graphical representation of an acceptance plan that shows the 

relationship between the actual quality of a lot and the probability of its acceptance. The OC 

curve plots the probability of accepting a lot versus the percentage of defective material in a lot.  
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With any acceptance plan, seller’s/contractor’s risks and buyer’s/agency’s risks are 

possibilities. In Protocols 3 through 5, the acceptance of asphalt pavements is assumed to occur 

on a lot-to-lot basis and utilize traditional AQCs such as asphalt content, air void content, etc.; 

however, the pay tables would be based on better defined relationships between these AQCs and 

pavement performance through the use of IVRs and PVRs.  

The purpose of the OC curves is to illustrate the contractor’s risk and agency’s risk for a 

given sample size and the specification criteria. Note that a good acceptance sampling plan does 

not necessarily eliminate risks, rather it balances risks versus costs in an objective way. The 

asphalt paving industry is accustomed to relatively small sample sizes that are, in effect, 

constrained by the turn-around time for obtaining test results. This constraint becomes a greater 

problem if the testing time is increased. In other words, risks for both contractors and agencies 

increase if acceptance sampling and testing time increase. The use of traditional AQCs (e.g., 

asphalt content, volumetric properties, in-place density) and testing plans for acceptance would 

keep these risks at the current level. 

Finally, the SHA establishes the method for determining payment. Options include 

basing pay factors directly on predicted index values or pay factors that are a function of 

statistical analysis of the AQCs of the lot (the ‘percentage within limits’, or PWL, method).  

9.3.2.2 Step 3: SHA Sets Performance-Related Specifications for a Project 

Once the IVRs are developed for the pavement under consideration, the SHA develops 

project-level specifications that include the mix design criteria of the index parameters, Sapp and 

RSI, and the method of payment. The SHA also has the latitude to include other mixture criteria 

in the specifications depending on the project. These additional criteria may include requiring 
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traditional volumetric properties, Tensile Strength Ratio (TSR), or other moisture susceptibility 

checks. These steps can mirror existing SHA practices.  

9.3.3 Bidding Process 

9.3.3.1 Step 4: Mix Designs Developed or Selected by Contractors  

Contractors can develop mix designs using their conventional method or, preferably, 

using either the BMD+ Tier Two or Tier Three. Contractors also may choose a mix design that 

has been pre-approved or successfully used in previous projects with similar requirements. 

Depending on SHA requirements, the contractor may need to have their mix designs 

performance-tested to predict performance for the project in question using FlexPAVETM prior to 

mix design submittal. Although this step may not be required, it is recommended that contractors 

have enough of their mixtures performance-tested in order to have some indication of 

performance prior to bidding. Guidance Document 1 provides guidelines to integrate BMD+ into 

the mixture selection process.  

9.3.3.2 Step 5: Contractors Bid on Project  

Once the contract documents for the project are developed and the project is advertised, 

contractors bid on the project based on knowledge of their existing mixes and project 

specification criteria, specifically the index thresholds.  

9.3.4 Mix Approval 

9.3.4.1 Step 6: Mix Design Approval by SHA  

Following the award of the contract, contractors submit their mix designs to the SHA for 

approval. If the SHA accepts the contractor’s performance data for the mix design, then this step 

may require the contractor to submit their measured AMPT test results and Sapp and RSI index 

values in addition to the information typically required by the SHA (e.g., binder content, 
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gradation, volumetrics, moisture susceptibility data, etc.). If the SHA performs their own testing 

for mix approval, then this step would require the contractor to submit mix design materials to 

the SHA and the SHA to perform AMPT tests (using the submitted mix design to confirm that 

the mixture meets the required Sapp and RSI values) and other tests to check the additionally 

required information. Ghanbari et al. (2022) present threshold values for the Sapp and the RSI 

parameters as a function of traffic level, respectively; however, SHAs may want to conduct 

benchmarking studies to understand the Sapp and RSI values of mixes currently being specified 

and used in their states and adjust the default threshold values for their local materials. The SHA 

approves the design based on the volumetric properties and index parameters. 

9.3.5 Mix Production 

9.3.5.1 Step 7: Mix Production – IVR QA 

Once the project is awarded and the mix design is approved by the SHA, the contractor 

then produces the mixture using the established mix design as the target. In most cases, the QA 

processes currently used by SHAs do not change substantially in this PRS approach. Samples are 

to be taken on a traditional random sampling basis at a frequency of one per sublot. Common 

mixture properties (Pb, Gmb, and Gmm) are then determined and used to calculate the Va, VMA, 

and VFA. Guidance regarding these aspects already exists in many references. One critical issue 

that is unique to the PRS is ensuring that roadway lots and plant lots represent the same material, 

as the IVR requires in-place density as well as mixture control variables. Finally, because this 

QA approach continues to utilize conventional volumetric properties and in-place density as 

AQCs, approved agency verification and independent assurance processes can be used without 

changes to current practice and no new training is necessary for technicians to learn new test 

methods.  
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Upon completion of each sublot, the measured mixture properties from the plant (Pb, Va, 

VMA) along with the in-place density (percentage of Gmm) from the roadway are input into the 

IVR with generalized project conditions to predict the index values for each sublot. Upon 

completion of the lot, the average and standard deviations of the index values are calculated for 

each lot and used to estimate the percentage of pay established by the SHA.  

Several possible options can be used to determine pay. One option is to calculate the 

PWL of each lot/production quantity and assess payment based on the PWL. The idea behind the 

PWL approach is that many states already utilize this quality measure and are generally familiar 

with it. Using this method, the basic mixture properties (Pb, Gmb, and Gmm) are determined during 

production and used to calculate the Va, VMA, and VFA, which in turn are used in IVRs to 

estimate the index values for each sublot. At the completion of the lot, average and standard 

deviations of the index values then are determined for the lot. As with many existing 

specifications that have a minimum density level but no maximum, the PRS will have minimum 

index values to be used to estimate the percentage of the lot (i.e., the PWL) that meets the 

minimum expectancy. This concept will be evaluated as a possible approach.  

 PROTOCOL 4: MIX APPROVAL USING INDEX VALUES AND FIELD 

ACCEPTANCE WITH PRS BASED ON PERFORMANCE-VOLUMETRICS 

RELATIONSHIPS 

Figure 102 provides a summary of Protocol 4. This protocol is similar to Protocol 3 

except for the use of PVRs instead of IVRs in the PRS development, therefore involving 

FlexPAVETM.  

Once the material database is developed, the SHA can start preparing PRS for a specific 

project. The SHA design engineer first follows the agency’s current pavement thickness design 

procedure to design a pavement cross-section for the project. In order to predict cracking and 
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rutting performance, the engineer then inputs into FlexPAVETM project-specific pavement 

structure, traffic, and climate data, along with material properties from the material database for 

the mixture category specified in the PRS. This step is repeated four times with the material 

properties that represent the four corners of the volumetric conditions for each mixture. The 

predicted performance and volumetric properties of the four corners are used to develop the 

fatigue cracking and rutting PVRs. Note that Protocols 3 and 4 use the same AMPT data at the 

four corners. 

The PVR function represents the relationship between the predicted pavement life and 

volumetric properties without considering the variability in the test methods that are used to 

determine the volumetric properties during construction. Thus, to account for test variability, 

Monte Carlo simulations are conducted to develop distributions of predicted pavement life. 

Initially, typical variations in the volumetric properties obtained from previous paving projects in 

the state can be used in the simulations. The predicted life determined by the Monte Carlo 

simulations is then used to set the AQLs. The document also explains ways that the SHA can 

refine these AQLs over time with additional data and experience.  

Following the development of the appropriate AQLs based on predicted pavement life, 

the SHA then sets the lot and sublot sizes, which controls the frequency of testing and the 

number of results used to calculate the statistical parameters for the AQCs. Finally, the SHA 

establishes the method for determining payment. Several possible options can be used to 

determine pay. One option is to base pay factors as a function of statistical analysis of the AQCs 

of the lot (the PWL method). Another option is to use data from the production quantity (lot) to 

estimate the predicted life distribution of the material and the corresponding payment adjustment 
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based on life cycle cost analysis. Payment may be calculated based on Equation (1) (Burati et 

al.).  

( )

(1 )

D E

O

C R R
PAYADJ

R





   (65) 

where  

PAYADJ  = appropriate payment adjustment for new pavement or overlay (same units as C),  

C  = cost/ton of mix,  

D  = design life of pavement layer,  

E  = expected (predicted) life of pavement layer,  

O  = expected life of successive overlays,  

R  = (1 + INF)/(1 + INT),  

INF = long-term annual inflation rate in decimal form, and  

INT  = long-term annual interest rate in decimal form.  

Figure 103 is a diagram of the complete mix production process. One important aspect is 

that the PRS approach provides a more rational method to adjust payment for materials and 

construction based on the predicted life of the material compared to current practices for QA, 

which is the primary difference between the PRS approach and current practice. Contractors that 

use asphalt paving materials that provide superior performance receive a commensurate bonus 

whereas contractors that use inferior materials with a shorter life span receive a commensurate 

penalty. 
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 PROTOCOL 5: MIX APPROVAL USING PREDICTED LIFE AND FIELD 

ACCEPTANCE WITH PRS BASED ON PERFORMANCE VOLUMETRICS 

RELATIONSHIPS 

Figure 104 provides a summary of Protocol 5. This protocol is referred to as Protocol B 

in the TFRS-01 Project. This protocol is similar to Protocol 4 except for the use of pavement life 

for mixture approval prior to production.  

On projects where mix designs will have to meet specified performance requirements, 

contractors can develop mix designs using their conventional method or, preferably, using 

BMD+ Tier Three. This information is added to the SHA database for future reference. 

Contractors also may choose a mix design that has been pre-approved or successfully used in 

previous projects with similar requirements. Depending on SHA requirements, contractors may 

perform the AMPT performance tests on the selected mix design and predict the performance of 

the project in question using FlexPAVETM and project-specific pavement structure, traffic, and 

climate conditions. Although this step may not be required, it is recommended that contractors 

have enough of their mixtures performance-tested in order to have some indication of 

performance prior to bidding. Guidance Document 1 provides guidelines to integrate BMD+ into 

the mixture selection process.  

Once the contract documents for the project are developed and the project is advertised, 

contractors bid on the project based on knowledge of their existing mixes and project 

specification criteria, specifically the minimum predicted life requirement. This step does not 

need to change in order to integrate a QA system into the PRS framework.  

Following the award of the contract, the contractor submits their mix design to the SHA 

for approval. If the SHA accepts the contractor’s performance data with respect to the mix 

design, this step would require the contractor to submit the AMPT test results and life data 
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predicted from FlexPAVETM in addition to the information typically required by the SHA (e.g., 

binder content, gradation, volumetrics, moisture susceptibility data, etc.). If the SHA performs 

their own testing for mix approval, this step would require the contractor to submit mix design 

materials to the SHA and the SHA to perform AMPT tests using the submitted mix design and 

FlexPAVETM to predict the life to confirm that the mixture meets the required life and to perform 

other tests to check the additionally required information. The SHA approves the design based 

on the volumetric properties and predicted life. 

 PROTOCOL 6: MIX APPROVAL USING PREDICTED LIFE AND FIELD 

ACCEPTANCE WITH PRS BASED ON PERFORMANCE VOLUMETRICS 

RELATIONSHIPS AND PERIODIC PERFORMANCE TESTING 

Figure 105 provides a summary of Protocol 6. This protocol is referred to as Protocol C 

in the TFRS-01 Project. The ultimate goal of the Federal Highway Administration’s (FHWA’s) 

PRS research is to develop PBS in which pay factors are determined by comparing the predicted 

performance of the as-designed and as-constructed pavements based on performance tests and 

performance prediction models. Therefore, PBS require performance testing during construction. 

This requirement poses a few challenges with regard to, for example, testing time, availability of 

performance testing equipment, familiarity of SHAs and contractor personnel with performance 

tests and models, etc. To overcome these immediate challenges, Protocol 3 employs IVRs and 

Protocols 4 and 5 use PVRs for QA specifications, which allow mixture performance to be 

predicted from volumetric properties and alleviates the need for performance tests during 

construction. However, using only IVRs and PVRs in the QA specifications results in 

uncertainty, as these relationships may not assess all conceivable changes in mixture 

composition that could occur during production. For example, volumetric properties might not 

necessarily represent a change in mixture quality that results from a change in RAP content or 



 

334 

change in binder source and, therefore, PVRs cannot reflect the effects of these changes on 

performance. To overcome this critical drawback of Protocols 3 to 5, the mixture quality must be 

checked directly via performance tests during production. Adding performance tests during the 

construction process allows Protocol 6 to move closer to representing true PBS and thus to pave 

the way for the future development and implementation of full-fledged PBS. Protocol 6 serves 

this purpose. 

Protocol 6 follows the same steps as Protocol 5, but the mixture quality is checked by 

periodic performance testing and pay factors are adjusted based on these supplementary 

performance test results. In Protocol 6, the pavement life that is predicted by FlexPAVETM for 

each of the periodic tests serves as another quality indicator (in addition to the AQCs that are 

measured on a regular basis and used with PVRs) of the mixture. The PRS developed from 

Protocol 6 yield different pay tables or they provide formulas to adjust the pay factors based 

upon the predicted pavement life using the material properties obtained from the periodic 

performance testing. This concept is presented in Figure 106 where the target life of the 

pavement is 20 years. Note that the values in the pay tables in Figure 106 are artificial values 

used to demonstrate the approach. If the predicted pavement life obtained from a QA sample is 

shorter than 20 years, say 18 years, then the mixtures in that lot are paid for by using the pay 

table for the predicted life of 18 years. The pay table for the predicted life of 18 years has lower 

incentives and higher disincentives than that for the predicted life of 20 years for the same AQC 

values. 

In Figure 106, the degree of the incentives and disincentives is represented by the 

intensity of the colors, green and red, respectively. As the pay table changes from the shorter 

predicted life to the longer predicted life, the number of red cells decreases and the number of 
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green cells increases. These pay tables with different predictive life levels may be generated 

from the local material database that contains the performance test data for mixtures with 

different performance qualities. 

In Protocol 6, performance testing is conducted at the following stages: 

 During local material database development 

 During field verification of the job mix formula (JMF) (i.e., the first production run of the 

JMF) 

 Periodically, during construction 

The performance test results obtained at these different stages are input into FlexPAVETM 

along with the project-specific pavement structure information, traffic information, and climate 

conditions to determine the predicted life of the mix design mixture, samples from the first 

production run, and construction QA samples. The predicted life determined in Protocol 6 can be 

employed as follows. 

 Pavement life predicted from the original mix design: The selected contractor submits the 

performance test results to the SHA for approval of the mixture for the PRS project. In a 

contracting environment where mix designs are pre-approved, the contractor submits 

their bid package with a mixture that is known to meet the minimum requirements laid 

out in the PRS. The performance test results of the mix design are then input into 

FlexPAVETM along with the project-specific pavement structure information, traffic 

information, and climate conditions to predict the pavement life. This life is compared to 

the minimum life that is specified in the PRS to pass or reject the mixture for the project 

of interest. 
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 Pavement life predicted from mixture sampled during the first production run of the 

approved mix design: The SHA conducts AMPT performance tests to predict the life of 

the pavement that is to be constructed with the mixture sampled when the mix design is 

first produced (field verification). This life is compared to the minimum life that is 

specified in the PRS to pass or reject the production mixture for the project of interest. 

 Pavement life predicted from mixture samples tested periodically during construction: 

During construction, QA samples are collected in accordance with the agency’s QA 

sampling frequency. For these samples, the traditional AQCs continue to be measured, 

but additional mixture samples are obtained less frequently for performance testing. The 

frequency of the performance tests during construction depends on many factors, 

including but not limited to where the performance test sample is fabricated, where the 

AMPT performance tests are conducted, AMPT testing durations, etc. The pavement life 

predicted for that performance test sample determines which pay table is used for the 

production mixture in the same lot. 

In order to include performance testing during production, the pay adjustment schedule 

may need to be redefined. Current practice for QA of asphalt pavements in the United States 

assesses materials and construction based on lots. Although the original reason(s) for this long-

standing norm is not clear, it is likely that it provides periodic feedback to the contractor and the 

agency as to how well the materials and construction conform to the contract specifications, as 

this timely feedback is critical when adjustments are needed. 

An alternative approach to lot-by-lot pay adjustments that the research team is 

considering for Protocols 6 to 8 is analogous to liquidated damage clauses, which commonly are 

used to motivate contractors to complete projects as quickly as possible to minimize disruption to 
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infrastructure users. In this conceptualized approach, some form of periodic feedback on 

materials and construction quality still would be needed, but the pay adjustments based on 

predicted pavement life would not be applied until either the pay item is completed or the entire 

project has ended. This approach may relieve the pressure to compress the turnaround time to 

complete mixture performance tests during production and allow results from more samples to 

be combined in a statistically appropriate manner. 

 PROTOCOL 7: MIX APPROVAL USING PREDICTED LIFE AND FIELD 

ACCEPTANCE WITH PRS BASED ON PERFORMANCE VOLUMETRICS 

RELATIONSHIPS AND REGULAR PERFORMANCE TESTING  

Figure 107 provides a summary of Protocol 7. This protocol is a hybrid approach to PRS 

by combining typical AQC-based pay tables (as in Protocol 6) and regular AMPT performance 

testing. In Protocol 7, lot-by-lot payment adjustments are made using typical AQCs and the 

results from regular AMPT testing during production are used to determine the final payment 

adjustments at the end of the project. Also, the PVR is used during production to guide the 

contractor to produce an improved mixture.  

 PROTOCOL 8: MIX APPROVAL USING PREDICTED LIFE AND FIELD 

ACCEPTANCE WITH PBS BASED ON REGULAR PERFORMANCE TESTING 

Figure 108 provides a summary of Protocol 8. This protocol represents the ultimate goal 

of the FHWA’s PRS and PBS research. For the PBS, pay factors are determined by comparing 

the predicted performance of the as-designed and as-constructed pavements based on 

performance tests and performance prediction models. Protocol 8 is less demanding than 

Protocols 3 through 7 in terms of PRS development, but it requires that the mixture quality be 

checked by regular performance testing during construction, which is used to determine pay 

adjustments. 
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Prior to implementing true PRS, the SHA must develop a database of dynamic modulus, 

cyclic fatigue, and SSR test results for typical asphalt mixtures currently used in the state. 

Typical asphalt mixtures can be grouped by layer (i.e., surface, intermediate, and base layers) 

and by traffic level (design ESALs). The process of developing this database is similar to the 

process SHAs follow to develop asphalt material inputs for AASHTOWare Pavement ME 

Design. Note that the AMPT performance tests are performed at the optimum mix design, not at 

four corners, in Protocol 8. Therefore, the testing efforts required to develop the local material 

database for Protocol 8 is one quarter of those for Protocols 3 through 7. 

Once the database is developed, the SHA starts preparing a PBS for a pavement 

construction project. The SHA design engineer first follows the agency’s current pavement 

thickness design procedure to design a pavement cross-section for the project. The engineer then 

enters the designed cross-section and the material properties for the mixture category specified in 

the PBS from the database for each asphalt layer along with the project traffic and climate data 

into FlexPAVETM to predict pavement rutting and cracking performance.  

To account for test and material variability, Monte Carlo simulations are conducted to 

develop distributions of predicted pavement life, which then are used to set AQLs. 

Following the development of the appropriate AQLs based on predicted life, the SHA 

then sets lot and sublot sizes, which control the frequency of testing and the number of results 

used to calculate the statistical parameters in the AQCs. Finally, the SHA establishes the method 

for determining payment. 

The SHA develops project-level specifications that include the AQLs for predicted life 

and the method of payment. The SHA also has the latitude to include other mixture criteria in the 

specifications depending on the project. This addition includes requiring traditional volumetric 
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properties, TSR, or other moisture susceptibility checks. These steps can mirror existing SHA 

practices.  

In Protocol 8, the pavement life that is predicted by FlexPAVETM for each of the regular 

tests serves as a quality indicator of the mixture. In Protocol 8, performance testing is conducted 

at the following stages: 

 During database development 

 During field verification of the JMF (i.e., the first production run of the JMF) 

 Regularly, during construction 

The performance test results obtained at these different stages are input into FlexPAVETM 

along with the project-specific pavement structure information, traffic information, and climate 

conditions to determine the predicted life of the mix design mixture, JMF samples, and 

construction QA samples. The predicted life determined in Protocol 8 can be employed as 

follows. 

 Pavement life predicted from the original mix design: The selected contractor submits the 

performance test results to the agency for approval of the mixture for the PBS project. In 

a contracting environment where mix designs are pre-approved, the contractor submits 

his/her bid package with a mixture that is known to meet the minimum requirements laid 

out in the PBS. The performance test results of the mix design are then input into 

FlexPAVETM along with the project-specific pavement structure information, traffic 

information, and climate conditions to predict the pavement life. This life is compared to 

the minimum life that is specified in the PBS to pass or reject the mixture for the project 

of interest. 
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 Pavement life predicted from mixture sampled during the first production run of the 

approved mix design: The agency conducts AMPT performance tests to predict the life of 

the pavement that is to be constructed using the mixture that is sampled when the mix 

design is first produced (field verification). This life is compared to the minimum life that 

is specified in the PBS to pass or reject the production mixture for the project of interest. 

In addition, this pavement life is compared to the predicted life obtained for the mix 

design. If the predicted life of the first production samples is shorter than that of the mix 

design, or the difference in life is greater than a threshold value that is established by the 

agency, then the agency may reject the JMF for the project. 

 Pavement life predicted from mixture samples tested regularly during construction: In 

Protocol 8, during construction, mixture samples are obtained regularly (as opposed to 

periodically or intermittently) for the performance tests. The frequency of the 

performance tests during construction depends on many factors, including but not limited 

to where the performance test sample is fabricated, where the AMPT performance tests 

are conducted, AMPT testing durations, etc. The pavement life predicted for that 

performance test sample determines the pay factor. 
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Figure 99. Flowchart summarizing the steps involved in Protocol 1. 
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Figure 100. Flowchart summarizing the steps involved in Protocol 2. 
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Figure 101. Flowchart summarizing the steps involved in Protocol 3. 
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Figure 102. Flowchart summarizing the steps involved in Protocol 4. 



 

345 

 

Figure 103. Process for determining payment for each lot in the PVR-based PRS system. 
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Figure 104. Flowchart summarizing the steps involved in Protocol 5. 
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Figure 105. Flowchart summarizing the steps involved in Protocol 6. 
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Figure 106. Pay tables for performance test samples in terms of predicted pavement life (years). 
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Figure 107. Flowchart summarizing the steps involved in Protocol 7. 
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Figure 108. Flowchart summarizing the steps involved in Protocol 8. 
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CHAPTER 10. IMPACT OF MATERIAL AND MIXTURE DESIGN CHANGES ON 

ASPHALT MIXTURE PERFORMANCE 

 INTRODUCTION 

QA specifications are contract documents through which a public highway agency 

attempts to convey standards to contractors. PRS are another type of QA specification. These 

specifications use AQCs related to fundamental engineering properties that are then input into 

models to predict performance. The agency establishes targets for the measured AQCs and then 

incorporates pay tables based on the modeled performance difference between the as-constructed 

and the as-designed targets for the AQCs.  

A complete QA system for PRS should integrate mix design with performance 

prediction, construction, acceptance, and payment. It must also satisfy the requirements of 23 

CFR 637 Subpart B Quality Assurance Procedures for Construction. QA programs must include 

elements related to sampling and testing, AQCs, independent assurance, laboratory and 

personnel qualifications, and provisions for the use of contractor test data for acceptance. 

In order to develop guidance on integrating the PASSFlexTM
 suite of testing within a 

statistically sound QA system in a PRS framework, a set of experiments are conducted to 

evaluate the sensitivity of Sapp and RSI to the following: 

 Changes in mixture constituent materials, including binder source and grade, RAP source 

and content, and the use of natural sand instead of manufactured sand; 

 Impact of production variability (i.e., variations in binder content, aggregate gradation, 

and P-200); and 
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 Changes in mix designs within the same mixture category. 

This chapter is organized in a few sections that tackle each of the points listed above. The 

second section presents the impact of changes in mixture constituent materials; the third chapter 

presents the impact of production variability; the fourth section presents the impact of changes in 

mix designs on Sapp and RSI. The findings of the chapter will serve as the basis of Guidance 

Document Two for the quality assurance aspects of PRS.  

 Effects of Changes In Mixture Constituent Materials on Asphalt Mixture Performance 

This section presents the effects of changes in mixture components and proportions on 

Sapp and RSI. The component material changes that are commonly encountered in practice were 

identified and considered here to evaluate their impact on Sapp and RSI. The six different variants 

of constituent material changes identified are as follows. 

1. Using a different PG binder 

 Although it is unlikely that a contractor would intentionally switch to a polymer-

modified binder in place of an unmodified binder, the opposite is a more realistic 

possibility, albeit a potential case of fraud. 

2. Changing the binder source 

 Most SHAs currently allow contractors to switch binder suppliers without checking 

or changing mix designs. Often a different binder supplier/source is used in mix 

design and mix production. Even if the binder supplier does not change, the crude 

slate and refining and blending processes may change from the time mixtures are 

designed and when they are produced. 
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3. Decreasing the RAP content by 5 percent 

 A motivation to decrease the RAP content from the mix design could be to better 

control mix volumetrics. Although this may be one of the last options for contractors 

to consider due to the economic impact, the dust content of RAP can be a key factor 

in controlling mix volumetrics and there may be other QA constraints that force this 

kind of change 

4. Increasing the RAP content by 5 percent 

 Some contractors could be motivated to increase RAP contents as a way to reduce 

mix costs. In order to control air voids, the increase in RAP content will likely be 

accompanied by a reduction in the virgin binder content and/or an aggregate 

component that has a high dust content. 

5. Replacing some of the crushed fine aggregate with a natural sand 

 Replacing a portion of the crushed fine aggregate with a natural sand is expected to 

be about five percent since most SHAs allow up to a five percent change in 

component percentages without changing the mix design. This sort of change may be 

made by contractors for a couple of reasons. One reason would be to better control 

the dust content of the gradation for improving air voids and/or VMA. Another reason 

could be to improve the compactability of the mixture on the roadway. 

6. Changing the RAP stockpile 
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 SHAs have different policies on changing RAP stockpiles. Some SHAs require a 

“captive” RAP stockpile approach meaning that the contractor may not change RAP 

stockpiles for a given mix design, nor may the RAP stockpile be added to once it is 

tested and labeled. A more common and more liberal policy is one that allows 

contractors to continually add new material to the stockpile. A few states that allow 

continuous replenishment of RAP stockpiles do put limits on the variability (standard 

deviations) of certain properties of the stockpile such as asphalt content and 

gradation. However, no state that requires a check of the RAP binder properties could 

be identified. Several states are more restrictive on RAP used in surface mixes for 

several reasons. Regardless of the actual written policy provided by SHAs, 

enforcement of those policies is another matter. 

10.2.1 Overview 

Mixture changes (i.e., variants) were made to a baseline mixture from Indiana to evaluate 

how mixture component changes that are commonly encountered in practice can affect the Sapp 

and RSI index parameters. Component materials were sampled and used to fabricate the variant 

mixtures. These mixtures were subjected to dynamic modulus testing, cyclic fatigue testing, and 

stress-sweep rutting testing. The mixture performance was first analyzed based on mean 

differences. A statistical analysis was then carried out using various parameters derived from 

each test to understand the significance of the observed differences. The statistical analysis 

involved checking the validity of the normality and equal variances assumptions, as well as 

running analysis of variance (ANOVA) and post-hoc tests.  
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10.2.2 Materials 

The Indiana control mixture is a Superpave 5 9.5 mm-nominal maximum aggregate size 

(NMAS) mixture with a design number of gyrations of 50. The minimum voids in the mineral 

aggregate (VMA) design requirement is 16%; the minimum volume of effective binder (Vbe) is 

11%; and the acceptable range of voids filled with asphalt (VFA) is 60% - 70%. This mixture is 

a Category 3 mixture according to the Indiana Department of Transportation (INDOT) 

specifications that is meant to serve an ESAL level of 3 million to 10 million. Table 49 

summarizes the volumetric properties of the control mixture as well as the variant mixtures. The 

list below describes the naming used for each of the variants.  

1. AltG: Using a different PG binder 

2. AltS: Changing the binder source 

3. M5R: Decreasing the RAP content by 5 percent 

4. P5R: Increasing the RAP content by 5 percent 

5. AltSd: Replacing some of the crushed fine aggregate with a natural sand 

6. AltRAP: Changing the RAP stockpile 

AltG and AltS mixtures were fabricated by simply exchanging the binder used in 

fabricating the mixtures. In doing so, the volumetric properties are expected to be similar to the 

control mixture.  

As the RAP content in variants M5R and P5R was changed, the stockpile proportions 

were changed in such a way to match the control gradation. The Bailey method (Vavrik et al. 

2002) was used to ensure that the resulting VMA of the variants is close to that of the control 

mixture.   
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One manufactured sand stockpile with a 9.5% proportion was completely replaced by a 

natural sand stockpile for the AltSd variant. The proportions of the other stockpiles were also 

maintained. In doing so, it was expected that the resulting volumetric properties would be 

different than the control. Table 49 confirms this assumption.  

Lastly, two trials were conducted for the AltRAP variant, but only the results of one is 

presented in Table 49. The first trial was similar to that used for AltSd. The original RAP 

stockpile was entirely replaced with the alternate RAP stockpile with no changes made to the 

virgin aggregate stockpile proportions. The virgin binder content was adjusted based on the 

binder content of the RAP stockpile. In doing so, the resulting volumetric properties turned out 

to be too different from that of the control mixture (VMA higher by 2%). This trial was deemed 

to be too improbable to happen in a production setting; therefore, the second trial was conducted.  

In the second trial, the original RAP stockpile was also entirely replaced with the 

alternate RAP stockpile, but changes were made to the virgin aggregate stockpile proportions 

such that the resulting gradation is similar to the control gradation. The Bailey method was also 

used to ensure that the resulting VMA of the variants is close to that of the control mixture. 

Table 49 shows that the measured VMA was in fact only 0.4% higher than the control.  

Figure 109 shows the gradations of all the variant mixtures, as well as the control. Table 

50 presents the percent passing on individual sieve sizes, Gsb, Gsa, and the percent absorption.  
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Table 49. Volumetric Properties of the Control Mixture and the Six Variant Mixtures. 

 Control AltG AltS M5R P5R AltSd AltRAP 

NMAS (mm) 9.5 9.5 9.5 9.5 9.5 9.5 9.5 

Binder 

Grade 
PG 70-22 PG 64-22 PG 70-22 PG 70-22 PG 70-22 PG 70-22 PG 70-22 

Binder 

Content (%) 
5.9 5.9 5.9 5.9 5.9 5.9 5.9 

Vbe (%) 10.7 - - 10.5 10.7 10.7 11.0 

RAP 

Content (%) 
24 24 24 19 29 24 24 

Ndesign 50 50 50 50 50 50 50 

VFA (%) 66.5 - - 65.2 66.5 69.5 65.5 

VMA (%) 16.1 - - 16.1 16.1 15.4 16.8 

Gmm 2.541 - - 2.533 2.540 2.543 2.533 

Voids @ 

Ndesign (%) 
5.4 - - 5.6 5.4 4.7 5.8 

 

 

Figure 109. Gradation chart for the control mixture and the six variants. 
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Table 50. Percent Passing, Gsb, Gsa, and Percent Absorption of the Control and Variant 

Gradations. 

 % Passing 

Sieve Control AltG AltS M5R P5R AltSd AltRAP 

1/2" 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

3/8" 97.6 97.6 97.6 97.3 97.6 97.6 94.5 

#4 69.2 69.2 69.2 69.5 69.3 69.2 66.7 

#8 41.8 41.8 41.8 42.6 42.3 42.9 45.1 

#16 27.7 27.7 27.7 27.2 28.8 30.5 28.7 

#30 19.0 19.0 19.0 18.2 20.1 21.4 18.5 

#50 12.4 12.4 12.4 11.8 13.3 12.9 11.2 

#100 8.6 8.6 8.6 8.2 9.3 8.2 7.3 

#200 6.5 6.5 6.5 6.4 7.0 6.1 5.9 

Gsb 2.696 2.696 2.696 2.684 2.696 2.696 2.697 

Gsa 2.788 2.788 2.788 2.786 2.786 - 2.790 

%Abs 1.15% 1.15% 1.15% 1.30% 1.10% 1.15% 0.91% 

 

Table 51 summarizes some properties that relate to the virgin binders used for the control 

mixture, AltG, and AltS. The percent recovery from the multiple stress and creep recovery 

(MSCR) test is higher for the alternate source PG 70-22 compared to the control PG 70-22. 

Similarly, the average non-recoverable creep compliance (Jnr) is lower for the alternate source 

PG 70-22 compared to the control PG 70-22. This indicates that the AltS binder is expected to 

perform better than the control binder source.   
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Table 51 Original Binder Properties. 

 Control AltG AltS 

Binder Grade PG 70-22 PG 64-22 PG 70-22 

Binder Source 
Asphalt 

Materials, Inc. 

Asphalt 

Materials, Inc. 

Emulsiocat, 

Inc. 

Multiple stress and creep recovery test 

(MSCR) temperature (°C) 
64 58 64 

Average non-recoverable 

creep compliance (Jnr) 

0.1 kPa 3.02 2.50 1.80 

3.2 kPa 4.08 2.74 2.80 

Average percent recovery 
0.1 kPa 14.36 3.07 35.83 

3.2 kPa 1.46 0.01 15.03 

 

10.2.3 Test Methods 

The mechanical characterization of the mixtures was conducted using the AMPT via 

dynamic modulus testing (AASHTO TP 132), cyclic fatigue testing (AASHTO TP 133), and 

stress-sweep rutting testing (AASHTO TP 134). The cyclic fatigue test temperature considered 

for all mixtures was 18°C. The stress sweep rutting test temperatures were 20°C and 46°C.  

Included within these three test methods are specifications for specimen preparation 

(AASHTO R 83 and PP 99), determination of theoretical maximum specific gravity (AASHTO 

T 209), determination of bulk specific gravity (AASHTO T 166), and determination of percent 

air voids (AASHTO T 269). The target air-void content for all the mixtures was 5% +/- 0.5% for 

all test specimens. 

10.2.4 Results and Discussion 

10.2.4.1 Dynamic Modulus Test Results  

The dynamic modulus and phase angle results of each of the variants in comparison to 

that of the control mixture is shown in Figure 110. The dynamic modulus and phase angle results 

follow the expected trends in that: decreasing 5% RAP (M5R) resulted in slightly less stiff 



 

360 

mixture compared to the control; increasing 5% RAP (P5R) resulted in slightly stiffer mixture 

compared to the control.  

It is also worthy to note that, compared to the control, AltRAP and AltS resulted in 

slightly stiffer mixtures, AltSd resulted in a slightly less stiff mixture, and AltG resulted in 

mixture with similar stiffness to that of the control. 

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 52 and Table 53. Table 52 shows that the normality and equal 

variance assumptions were violated for most temperature-frequency combinations for the phase 

angle. No transformation was applied to the data for two reasons. The first reasons is that the 

sample size considered in this statistical analysis is relatively small. The second reason is the fact 

that applying a trial transformation increased the variation in the data, which affected the 

resulting significant differences. Therefore, no transformation method was implemented in order 

to maintain the consistency in the analysis. Since the equal-variances assumption is violated, 

Welch’s ANOVA is used for the analysis of the phase angle data.  

Table 53 shows that the dynamic modulus of M5R and P5R are in fact significantly 

different than the Control at two test temperatures (20°C and 40°C). The other variants’ dynamic 

modulus and phase angle results are not significantly different than the control’s (only sporadic 

significant differences are observed at a few test temperatures). Although no clear trend was 

expected for AltS, AltSd, and AltRAP, AltG was expected to be less stiff than the Control but the 

statistical analysis results show no significant differences.  
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Figure 110. The dynamic modulus in log-log (left) and semi-log (center) scales and the 

phase angle (right) for: (a) AltG, (b) AltS, (c) M5R, (d) P5R, (e) AltSd, and (f) AltRAP in 

comparison to the Control mixture.  
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Table 52. Normality and Equal Variances Assumptions Check for Dynamic Modulus and 

Phase Angle. 

Parameters 
Temperature 

(°C) 

Frequency 

(Hz) 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical 

Analysis 

Method 

Dynamic 

Modulus 

4°C 10 Yes 

None 

Yes 

None 

ANOVA 

Tukey-Kramer 

HSD 

4°C 1 Yes Yes 

4°C 0.1 Yes Yes 

20°C 10 Yes Yes 

20°C 1 Yes Yes 

20°C 0.1 Yes Yes 

40°C 10 Yes Yes 

40°C 1 Yes Yes 

40°C 0.1 Yes No 

Phase 

Angle 

4°C 10 No No 

Welch's 

ANOVA, 

Games-

Howell 

4°C 1 No No 

4°C 0.1 No No 

20°C 10 Yes Yes 

20°C 1 No No 

20°C 0.1 No No 

40°C 10 Yes Yes 

40°C 1 Yes Yes 

40°C 0.1 Yes No 

Table 53. Significant Differences between the Variants and the Control for Dynamic 

Modulus and Phase Angle. 

  Mixtures 

  AltG AltS M5R P5R AltSd AltRAP 

Dynamic 

Modulus 

Parameters 

4°C 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

20°C 
Not Sig. 

Diff. 
Sig. Diff. Sig. Diff. Sig. Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

40°C 
Not Sig. 

Diff. 

Not Sig. 

Diff. 
Sig. Diff. Sig. Diff. Sig. Diff. 

Not Sig. 

Diff. 

Phase 

Angle 

Parameters 

4°C 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

20°C 
Not Sig. 

Diff. 
Sig. Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

40°C 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 
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10.2.4.2 Cyclic Fatigue Test Results 

10.2.4.2.1 Damage Characteristic Curves and DR 

The cyclic fatigue test data resulting in damage characteristic curves and DR
 are shown in 

Figure 111. The damage characteristic curve is a functional relationship between the integrity 

(pseudo stiffness, C) of the specimen and the amount of damage, S, in the specimen. Generally, 

the damage characteristic curves of higher modulus mixtures tend to be higher than those of 

other mixtures; however, this outcome does not imply better or worse performance. Although for 

a given S value, a higher modulus material exhibits higher C values (higher integrity), the higher 

modulus material might actually be more brittle and hence more prone to damage (i.e., the 

damage evolution is faster). This phenomenon can be reflected by higher C values at failure, 

indicating that the material becomes less tolerant to damage compared to lower modulus 

materials. Figure 111 (a) shows that the damage characteristic curve of M5R is located the 

lowest, which is expected since M5R was shown to have the lowest modulus. Both curves of 

P5R and AltRAP are located the highest, which is also expected because they showed higher 

modulus results. All damage characteristic curves have about the same C value at failure, which 

indicates there the variants may not behave substantially differently from each other.  

Another indicator that alludes to the damage characteristic curves not being different is 

the index V-norm. V-norm is a statistical quantity that represents the repeatability of the damage 

characteristic curves (Ding et al. 2021). V-norm repeatability threshold for 9.5 mm mixtures 

using small specimens (AASHTO TP 133) is 22. The higher V-norm is, the less repeatable the 

curves are. V-norm values range from 1 to ~700. The calculated V-norm for the damage 

characteristic curves shown in Figure 111 (a) is 26, which is very close to repeatability limit of a 
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single mixture and is located on the lower end of the V-norm value range. This indicates that the 

damage characteristic curves of the variant mixtures are not different than the control’s.  

An indicator of the material’s diminishing fatigue resistance is the DR value (Wang and 

Kim 2017). The DR failure criterion is the slope of the relationship passing through zero between 

the average reduction in pseudo stiffness and the number of cycles to failure. The height of the 

bars in Figure 111 (b) indicate the average DR values. The I-bars indicate the maximum and 

minimum measured DR values from individual test replicates. Figure 111 (b) shows that M5R has 

the highest DR value while AltRAP has the lowest DR value. However, the maximum difference 

in average DR
 is 0.073 between all the mixtures and 0.045 between the variants and the control. 

The maximum allowable difference is a statistical quantity that represents the repeatability of DR
. 

The maximum allowable repeatability difference for 9.5 mm mixtures using small specimens 

(AASHTO TP 133) is 0.088. The fact that the maximum difference between each of the variants 

and the control is well within the repeatability limit of DR indicates that there are no substantial 

differences between the results.  

 

Figure 111. Fitted damage characteristic curves and DR for the control and the variant 

mixtures. 
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10.2.4.2.2 Fatigue Cracking Index, Sapp 

The performance of the mixture cannot be evaluated solely based on the position of the 

damage characteristic curves or DR values because both the modulus and inherent fatigue 

resistance play a role in determining the mixture’s fatigue performance within a pavement. If two 

mixtures have the same fatigue resistance, but one has higher modulus than the other, the higher 

modulus mixture will have a longer fatigue life. Similarly, a more fatigue-resistant mixture will 

have a longer fatigue life than another mixture of similar modulus but less fatigue resistance. Sapp 

is an index parameter that was developed to account for these two factors (modulus and fatigue 

resistance) that affect the cracking potential of a mixture and is based on the VECD theory 

(Wang et al. 2022). A higher Sapp value indicates better fatigue resistance compared to a lower 

Sapp value. The height of the bars in Figure 112 indicate the representative Sapp values. The 

horizontal dashed lines convey the Sapp thresholds for standard (< 10 million ESALs), heavy 

(between 10 and 30 million ESALs), very heavy (> 30 million ESALs), and extreme traffic 

levels (greater than 30 million ESALs and slow traffic) (Wang et al. 2022).  

All variants and the control mixture have a Sapp value that falls in the standard traffic 

category which represents accurately the traffic level that they are meant to serve. Recall that the 

control mixture is a Category 3 mixture according to INDOT specifications and is meant to serve 

a traffic level between 3 and 30 million ESALs. Figure 112 shows that AltG has the highest Sapp
 

value while AltRAP has the lowest Sapp value. 
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Figure 112. Sapp for the control and the variant mixtures. 
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geometry combination. The results of each lab COV were compiled for a given specimen 

geometry and mix combination.  

For 9.5 mm NMAS mixtures tested using small specimen geometry (38 mm diameter), 

the COVs obtained from each laboratory are shown in Table 54. The median repeatability COV 

from the 6 laboratories is 3.6%, while the maximum repeatability COV is 9.8%. The 

interpretation of these numbers are as follows: if multiple laboratories test a single asphalt 

mixture over and over again (thus obtaining multiple representative Sapp values), most of the 

laboratories would observe representative Sapp COV values less than 3.6%; however, a few 

laboratories may observe representative Sapp COV values as high as 9.8%. In context of this 

study, if the representative Sapp COV of a variant mixture and the control is greater than 9.8%, 

then the variant mixture is deduced to have a significantly different Sapp value compared to the 

control.  

Table 54. Sapp Repeatability COV of 9.5 mm Mixtures Tested Using Small Specimen 

Geometry (Castorena et al. 2022). 

Laboratory ID 
Sapp COV for 9.5 mm NMAS mixture 

tested using small specimen geometry (%) 

1 3.2 

2 4.2 

3 3.9 

4 9.8 

5 2.5 

6 1.8 

 

The computed representative Sapp COV of each variant and the control is shown in Table 

55. Table 55 shows that AltG has a representative Sapp COV value of 11%, which exceeds the 

maximum repeatability Sapp COV value of 9.8% discussed earlier. This indicates that AltG (the 

use of an alternate binder grade) performs substantially differently compared to the control. It is 
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also worthy to note that AltRAP exhibits Sapp COV that is extremely close to the limit, indicating 

that the use of an alternate RAP source can have a substantial effect on the mixture’s 

performance.  

Table 55. Sapp COV of Each Variant Mixture with Respect to the Control Mixture. 

Mixture ID Representative Sapp 
Representative Sapp COV 

w.r.t. Control 

Control 18.2 - 

AltG 21.3 11.0 

AltS 18.5 1.2 

M5R 19.8 5.8 

P5R 19.3 4.1 

AltSd 19.9 5.8 

AltRAP 15.9 9.5 

 

10.2.4.2.3 Statistical Analysis of Cyclic Fatigue Test Results 

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 56 and Table 57. Table 56 shows that the normality assumption 

was violated for C at S = 20,000. Similar to reasoning of the analysis done for the dynamic 

modulus test results, no transformation was applied to the data. Since the equal-variances 

assumption was violated for C at S = 200,000, Welch’s ANOVA is used for the analysis.  

Table 57 shows that the damage characteristic curve of M5R is significantly different 

than the control. Similarly, the fingerprint modulus values of P5R and AltRAP are significantly 

different than the control. However, no significant differences are observed in terms of the Sapp 

values. Recall that for this statistical analysis, the Sapp variability is considered to come from the 

individual test replicate Sapp values, which is in fact inconsistent with the approach that Sapp must 

be reported (i.e., a representative value based on all test replicates). Since the definition of a 

representative Sapp value does not allow for Sapp variability to be captured, the statistical analysis 
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is conducted in such a way to allow for one form of the variability to be considered (replicate 

variability rather than representative value variability).  

Table 56. Normality and Equal Variances Assumptions Check for Cyclic Fatigue 

Parameters. 

Cyclic Fatigue Parameters 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical Analysis 

Method 

Sapp (Indianapolis, IN) Yes 

None 

Yes 

None 

ANOVA, Tukey-

Kramer HSD 

DR Yes Yes 

Fingerprint |E*| Yes Yes 

Nf Yes Yes 

C at S = 20,000 No Yes 

C at S = 200,000 Yes No 

Welch's ANOVA, 

Tukey-Kramer HSD 

& Games-Howell 

 

Table 57. Significant Differences between the Variants and the Control for Cyclic Fatigue 

Parameters. 

 

Cyclic Fatigue 

Parameters 

Mixtures 

AltG AltS M5R P5R AltSd AltRAP 

Sapp (Indianapolis, IN) 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

DR 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Fingerprint |E*| 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

Nf 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

C at S = 20,000 
Not Sig. 

Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

Not Sig. 

Diff. 

C at S = 200,000 
Not Sig. 

Diff. 

Not Sig. 

Diff. 
Sig. Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 
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10.2.4.3 Rutting Strain Index (RSI) 

The rutting strain index (RSI) parameter is derived from the shift model that is based on 

the viscoplastic theory for permanent deformation. The RSI parameter can capture the effects of 

changing temperatures, stress levels, and loading times along with pavement depth on the 

permanent deformation of asphalt pavements using realistic loading and changing climatic 

conditions. Lower RSI values indicate better rutting resistance of the mixture. RSI values range 

between the values 0 and ~15. 

The height of the bars in Figure 113 indicate the RSI values. The horizontal dashed lines 

convey the RSI thresholds for standard (< 10 million ESALs), heavy (between 10 and 30 million 

ESALs), very heavy (> 30 million ESALs), and extreme traffic levels (greater than 30 million 

ESALs and slow traffic) (Ghanbari et al. 2022).  

All variants and the control mixture have a RSI value that falls in the heavy or very heavy 

traffic category which exceeds the traffic level that they are meant to serve. Recall that the 

control mixture is a Category 3 mixture according to INDOT specifications and is meant to serve 

a traffic level between 3 and 30 million ESALs. Figure 113 shows that AltG has the lowest (best) 

RSI value while AltSd has the highest RSI value. 
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Figure 113. RSI for the control and the variant mixtures. 
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Table 58. Normality and Equal Variances Assumptions Check for Stress Sweep Rutting 

Test Parameters. 

Stress Sweep Rutting 

Parameters 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical Analysis 

Method 

46°C 

0 – 200 Yes 

None 

Yes 

None 

ANOVA, Tukey-

Kramer HSD 

201 – 400 Yes Yes 

401 – 600 Yes Yes 

20°C 

0 – 200 Yes Yes 

201 – 400 Yes Yes 

401 – 600 Yes No 

Welch's ANOVA, 

Tukey-Kramer HSD & 

Games-Howell 

RSI (Indianapolis, 

IN) 
Yes Yes 

ANOVA, Tukey-

Kramer HSD 

Table 59. Significant Differences between the Variants and the Control for the Stress 

Sweep Rutting Test Parameters. 

Stress Sweep 

Rutting Parameters 

Mixtures 

AltG AltS M5R P5R AltSd AltRAP 

46°C 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

20°C 
Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

RSI (Indianapolis, 

IN) 
Sig. Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

Not Sig. 

Diff. 

 

10.2.5 Conclusions 

Mixture changes (i.e., variants) were made to a baseline mixture from Indiana to evaluate 

how mixture component changes that are commonly encountered in practice can affect the Sapp 

and RSI index parameters. A total of six different variants of constituent material changes are 

considered: (1) Using a different PG binder, (2) Changing the binder source, (3) Decreasing the 

RAP content by 5 percent, (4) Increasing the RAP content by 5 percent, (5) Replacing some of 

the crushed fine aggregate with a natural sand, and (6) Changing the RAP stockpile. The 
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following summarizes the results of the effect of these constituent material changes on the 

mixture performance, in terms of dynamic modulus and individual cyclic fatigue parameters.  

 The dynamic modulus test results show that increasing/decreasing the RAP content by 

5% can significantly affect a mixture’s modulus at intermediate and high temperatures.  

 Other variations to the mixture’s component materials (use of alternate binder 

grade/source, use of natural sand instead of manufactured sand, and use of an alternate 

RAP source) may not necessarily affect the mixture’s modulus values, based on the 

statistical analysis of the results of a single mixture. 

 The changes in constituent material changes do not significantly affect the DR failure 

criterion obtained from the cyclic fatigue test results.  

 Decreasing RAP by 5% significantly affects the damage characteristic curve of a mixture.  

Sapp values of each variant mixture were compared against the control using two different 

methodologies. The first methodology considers the coefficient of variation of the representative 

Sapp value of a variant with respect to the control and compares it against the maximum observed 

Sapp COV values from the TP 133 ruggedness/interlaboratory study project. The second 

methodology considers a statistical analysis of the Sapp based on the variability observed among 

test replicates of a variant mixture and the control mixture. The conclusions from the two 

methodologies are summarized below: 

 The use of an alternate binder grade causes a substantial change in a mixture’s fatigue 

performance based Sapp COV values.  

 No significant differences in a mixture’s fatigue performance are introduced by the 

considered changes in a mixture’s constituent materials, according to the statistical 

analysis considering Sapp test replicate variability.  
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Finally, using an alternate binder grade seems to have a significant effect on a mixture’s 

rutting performance, based on the statistical analysis of the rutting index, RSI, using a single 

mixture.  

 Impact of Production Variability on Asphalt Mixture Performance 

The AQCs that are used in most QA specifications are the volumetric properties of 

asphalt mixtures because such properties are easily quantifiable, relatively repeatable, and are 

known to impact pavement longevity. This section presents the impact of production variability 

(i.e., variations in binder content, aggregate gradation, and P-200) on Sapp and RSI. 

10.3.1 Overview 

Five different samples of plant mix were taken with sufficient time allowed between 

samples to capture the production variations in binder content, gradation, and percent passing 

#200 sieve. The plant mix were reheated to fabricate plant-mixed-lab-compacted specimens. 

These samples were subjected to dynamic modulus testing, cyclic fatigue testing, and stress-

sweep rutting testing. The mixture performance was first analyzed based on mean differences. A 

statistical analysis was then carried out using various parameters derived from each test to 

understand the significance of the observed differences. The statistical analysis involved 

checking the validity of the normality and equal variances assumptions, as well as running 

analysis of variance (ANOVA) and post-hoc tests. 

10.3.2 Materials 

The mixture sampled is from Indiana and is a Superpave 5 mm NMAS mixture with a 

design number of gyrations of 50. The minimum VMA design requirement is 16%; the minimum 

Vbe is 11%; and the acceptable range of VFA is 60% - 70%. This mixture is a Category 3 

mixture according to the INDOT specifications that is meant to serve an ESAL level of 3 million 
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to 10 million. Table 60 summarizes the volumetric properties of the design mixture formula 

(DMF) and of the five plant mixtures that were sampled. Figure 114 shows the gradations of all 

the PMLC samples, as well as the gradation from the design mix formula. Table 61 presents the 

percent passing on individual sieve sizes.  

Note that INDOT specifications do not require a new mixture design upon changing the 

binder grade or source. Similarly, there are no restrictions on the maximum allowable change in 

stockpile proportioning during production, as long as the resulting gradation falls within the 

control points. The INDOT specifications require that 9.5 mm surface mixtures have a percent 

passing the #8 sieve less than or equal to 47%.  

Table 60. Volumetric Properties of the Design Mix Formula and from Quality Assurance 

Tests of the Five PMLC Samples. 

 
Design S1-1 S1-2 S1-3 S1-4 S1-5 

NMAS (mm) 9.5 9.5 9.5 9.5 9.5 9.5 

Virgin Binder 

Grade 
PG 64-22 PG 70-22 PG 70-22 PG 70-22 PG 70-22 PG 70-22 

Binder Content 

(%) 
5.7 6.2 6.2 6 5.9 5.9 

Vbe (%) 11.2 12.9 13.0 12.2 12.0 12.0 

RAP Content (%) 24 - - - - - 

Ndesign 50 50 50 50 50 50 

VFA (%) 69.1 78.2 81.3 72.6 69.8 71.0 

VMA (%) 16.2 16.5 16.0 16.8 17.2 16.9 

Gmm 2.524 2.493 2.492 2.504 2.503 2.505 

Voids @ Ndesign 

(%) 
5.0 3.6 3.0 4.6 5.2 4.9 
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Figure 114. Gradation chart from the design mix formula and from quality assurance tests 

of the five PMLC samples. 
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Table 61. Percent Passing from the Design Mix Formula and from Quality Assurance Tests 

of the Five PMLC Samples. 

 
% Passing 

Sieve Design S1-1 S1-2 S1-3 S1-4 S1-5 

1/2" 100.0 100.0 100.0 100.0 100.0 100.0 

3/8" 93.5 97.3 97.6 97.5 96.2 97.9 

#4 60.4 73.3 76.0 73.2 71.5 70.6 

#8 39.4 45.7 47.0 44.4 44.0 43.0 

#16 25.4 28.9 29.3 27.7 27.5 27.4 

#30 16.7 19.5 19.7 18.3 18.4 18.4 

#50 10.5 13.4 13.6 12.2 12.6 12.6 

#100 7.3 9.9 10.1 8.8 9.3 9.3 

#200 6.0 7.9 8.2 7.1 7.5 7.5 

 

10.3.3 Test Methods 

The mechanical characterization of the mixtures was conducted using the AMPT via 

dynamic modulus testing (AASHTO TP 132), cyclic fatigue testing (AASHTO TP 133), and 

stress-sweep rutting testing (AASHTO TP 134). The cyclic fatigue test temperature considered 

for all mixtures was 18°C. The stress sweep rutting test temperatures were 20°C and 46°C.  

Included within these three test methods are specifications for specimen preparation 

(AASHTO R 83 and PP 99), determination of theoretical maximum specific gravity (AASHTO 

T 209), determination of bulk specific gravity (AASHTO T 166), and determination of percent 

air voids (AASHTO T 269). The target air-void content for all the mixtures was 5% +/- 0.5% for 

all test specimens. 
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10.3.4 Results and Discussion 

10.3.4.1 Dynamic Modulus Test Results  

The dynamic modulus and phase angle results of each of the five PMLC is shown in 

Figure 115. The samples S1-1 and S1-2 are observed to have the lowest modulus values among 

the five samples.  

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 62 and Table 63. Table 62 shows that the normality and equal 

variance assumptions were met for most temperature-frequency combinations for the dynamic 

modulus and phase angle. No transformation was applied to the data.  

Table 63 shows that the dynamic modulus of the five PMLC samples is significantly 

different. The Tukey-Kramer HSD post-hoc test shows that S1-4 and S1-5 are not significantly 

different from each other and have the highest modulus values. Similarly, the modulus of S1-1 is 

significantly different from the other samples and is also the lowest.  
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Figure 115. Dynamic modulus of the five PMLC samples in (1) log-log scale and (2) semi-

log scale, and the phase angle in (3) semi-log scale. 

Table 62. Normality and Equal Variances Assumptions Check for Dynamic Modulus and 

Phase Angle of the Five PMLC Samples. 

Parameters 
Temperature 

(°C) 

Frequency 

(Hz) 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical 

Analysis 

Method 

Dynamic 

Modulus 

Parameters 

4°C 10 Yes 

None 

Yes 

None 

ANOVA 

Tukey-

Kramer 

HSD 

4°C 1 Yes Yes 

4°C 0.1 Yes Yes 

20°C 10 Yes Yes 

20°C 1 Yes Yes 

20°C 0.1 Yes Yes 

40°C 10 No Yes 

40°C 1 No Yes 

40°C 0.1 Yes Yes 

Phase Angle 

Parameters 

4°C 10 No No 

4°C 1 Yes Yes 

4°C 0.1 Yes Yes 

20°C 10 Yes Yes 

20°C 1 Yes Yes 

20°C 0.1 Yes Yes 

40°C 10 Yes Yes 

40°C 1 Yes No 

40°C 0.1 Yes No 
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Table 63. Significant Differences among the Five PMLC Samples. 

Dynamic Modulus Parameters 

4°C Significantly Different 

20°C Significantly Different 

40°C Significantly Different 

Phase Angle Parameters 

4°C Not Significantly Different 

20°C Not Significantly Different 

40°C Significantly Different 

 

10.3.4.2 Cyclic Fatigue Test Results 

10.3.4.2.1 Damage Characteristic Curves and DR 

The cyclic fatigue test data resulting in damage characteristic curves and DR
 are shown in 

Figure 116. Figure 116 (a) shows that the damage characteristic curves of S1-1 and S1-2 are 

located the lowest while that of S1-3 is located the highest. The calculated V-norm for the 

damage characteristic curves shown in Figure 116 (a) is 33, greater than 22, which is the V-norm 

repeatability threshold for 9.5 mm mixtures using small specimens. This indicates that the 

damage characteristic curves of the five PMLC may be significantly different from each other.  

The height of the bars in Figure 116 (b) indicate the average DR values. The I-bars 

indicate the maximum and minimum measured DR values from individual test replicates. Figure 

116 (b) shows that S1-4 has the lowest DR value. However, the maximum difference in average 

DR
 among all the PMLC samples is 0.053, which less than .088, the maximum allowable 

repeatability difference for 9.5 mm mixtures using small specimens. The fact that the maximum 

difference between the PMLC samples is well within the repeatability limit of DR indicates that 

there are no substantial differences between the results. 
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Figure 116. Fitted damage characteristic curves and DR for the five PMLC samples. 

10.3.4.2.2 Fatigue Cracking Index, Sapp 

The height of the bars in Figure 117 indicate the representative Sapp values. The 

horizontal dashed lines convey the Sapp thresholds for standard (< 10 million ESALs), heavy 

(between 10 and 30 million ESALs), very heavy (> 30 million ESALs), and extreme traffic 

levels (greater than 30 million ESALs and slow traffic) (Wang et al. 2022). S1-1, S1-2, and S1-3 

fall in the heavy traffic category, while S1-4 and S1-5 fall in the standard traffic category. Note 

that all the PMLC samples meet the traffic level that they are meant to serve. Recall that this 

mixture is a Category 3 mixture according to INDOT specifications and is meant to serve a 

traffic level between 3 and 30 million ESALs. Figure 117 shows that S1-4 has the lowest Sapp 

value while S1-2 has the highest Sapp value.  
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Figure 117. Sapp for the five PMLC samples. 

It is important to note that Sapp must be reported as a representative value of all test 

replicates rather than values of individual replicates, according to AASHTO TP 133. 

Accordingly, no I-bars indicating the maximum and minimum values determined from individual 

test replicates are shown in Figure 117. To assess the differences between the representative 

values of Sapp among the variant mixtures, the coefficient of variation (COV) of all the PMLC 

samples is computed and compared against those obtained from the AASHTO TP 133 

ruggedness and interlaboratory study project (Castorena et al. 2022). The median repeatability 

COV from the 6 laboratories in the interlaboratory study is 3.6%, while the maximum 

repeatability COV is 9.8%. The interpretation of these numbers are as follows: if multiple 

laboratories test a single asphalt mixture over and over again (thus obtaining multiple 

representative Sapp values), most of the laboratories would observe representative Sapp COV 

values less than 3.6%; however, a few laboratories may observe representative Sapp COV values 

as high as 9.8%.  

In the context of this study, if the representative Sapp COV of the five PMLC samples is 

greater than 9.8%, then the PMLC samples are deduced to be substantially different from each 
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other. The computed representative Sapp COV of the five PMLC samples is 7.5% which is less 

than 9.8%, indicating that the Sapp values of the five PMLC samples are not substantially 

different from each other.  

10.3.4.2.3 Statistical Analysis of Cyclic Fatigue Test Results 

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 64 and Table 65. Table 64 shows that the normality and equal 

variance assumptions were met for most the cyclic fatigue test parameters. No transformation 

was applied to the data. Since the equal-variances assumption was violated for C at S = 200,000, 

Welch’s ANOVA is used for the analysis. 

Table 65 shows that Nf and the damage characteristic curves of the five PMLC samples 

are significantly different from each other. The Tukey-Kramer HSD and Games-Howell post-hoc 

tests show that the damage characteristic curve of S1-3 is significantly different from that of S1-

1, where the curve of S1-3 is located the highest and that of S1-1 is located the lowest. However, 

no significant differences are observed in terms of the Sapp values, which is in line with the 

observation derived from comparing representative Sapp COV values. Recall that for this 

statistical analysis, the Sapp variability is considered to come from the individual test replicate 

Sapp values, which is in fact inconsistent with the approach that Sapp must be reported (i.e., a 

representative value based on all test replicates).  
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Table 64. Normality and Equal Variances Assumptions Check for Cyclic Fatigue 

Parameters for the Five PMLC Samples. 

Cyclic Fatigue Parameters 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical Analysis 

Method 

Sapp (Indianapolis, IN) Yes 

None 

Yes 

None 

ANOVA, Tukey-

Kramer HSD 

DR Yes Yes 

Fingerprint |E*| Yes Yes 

Nf Yes Yes 

C at S = 20,000 Yes Yes 

C at S = 200,000 Yes No 

Welch's ANOVA, 

Tukey-Kramer HSD 

& Games-Howell 

Table 65. Significant Differences among the Five PMLC Samples for Cyclic Fatigue 

Parameters. 

 

10.3.4.3 Rutting Strain Index (RSI) 

The height of the bars in Figure 118 indicate the RSI values. The horizontal dashed lines 

convey the RSI thresholds for standard (< 10 million ESALs), heavy (between 10 and 30 million 

ESALs), very heavy (> 30 million ESALs), and extreme traffic levels (greater than 30 million 

ESALs and slow traffic) (Ghanbari et al. 2022).  

All five PMLC samples have an RSI value that falls in the heavy traffic category which 

exceeds the traffic level that they are meant to serve. Recall that this mixture is a Category 3 

Sapp (Indianapolis, IN) Not Significantly Different 

DR Not Significantly Different 

Fingerprint |E*| Not Significantly Different 

Nf Significantly Different 

C at S = 20,000 Significantly Different 

C at S = 200,000 Significantly Different 
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mixture according to INDOT specifications and is meant to serve a traffic level between 3 and 30 

million ESALs. Figure 118 shows that S1-4 has the lowest (best) RSI value while. 

 

Figure 118. RSI for the five PMLC samples. 

The statistical analysis for RSI was set up differently than the other comparisons because 

only one RSI value can be obtained for a given mixture. For the statistical analysis, for each 

mixture four different combinations using the factorial combination of low and high temperature 

test results were used to create four additional RSI values. The combinations included the “high” 

high temperature – “high” low temperature, “high” high temperature – “low” low temperature, 

“low” high temperature – “low” low temperature, and “low” high temperature – “high” low 

temperature. For the delta permanent strain, for a given test temperature, if two of the three 

loading blocks were different, then the mixtures were assumed different. 

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 66 and Table 67. Table 66 shows that the normality assumption 

was met for all of the stress-sweep rutting parameters. Since the equal-variances assumption was 
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violated for the low-test temperature for the cycle block 401 – 660, RSI, and the high-test 

temperature for the cycle block 0 – 200, Welch’s ANOVA was used for the analysis.  

Table 67 shows that RSI for the five PMLC samples are significantly different from each 

other. The Games-Howell post-hoc test reveals that S1-1 and S1-2 are not significantly different 

from each other and they have the highest RSI values but they are significantly different from 

S1-4, which has the lowest RSI value. 

Table 66. Normality and Equal Variances Assumptions Check for Stress Sweep Rutting 

Parameters of the Five PMLC Samples. 

Stress Sweep Rutting 

Parameters 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical Analysis 

Method 

46°C 

0 – 200 Yes 

None 

No 

None 

Welch's ANOVA, 

Tukey-Kramer HSD & 

Games-Howell 

201 – 400 Yes Yes 

ANOVA, Tukey-

Kramer HSD 

401 – 600 Yes Yes 

20°C 

0 – 200 Yes Yes 

201 – 400 Yes Yes 

401 – 600 Yes No Welch's ANOVA, 

Tukey-Kramer HSD & 

Games-Howell 
RSI (Indianapolis, IN) Yes No 

Table 67. Significant Differences among the Five PMLC Samples for the Stress Sweep 

Rutting Test Parameters. 

46°C Significantly Different 

20°C Not Significantly Different 

RSI (Indianapolis, IN) Significantly Different 
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10.3.4.4 Performance Change with Volumetric Properties 

Table 60 shows the variation in asphalt binder content, Vbe, VMA, and air voids (AV) at 

Ndesign among the five PMLC samples. The maximum difference for each of these properties 

among the five samples is as follows:  

 Asphalt binder content 

 Maximum: 6.2% 

 Minimum: 5.9% 

 Difference: 0.3% 

  Vbe 

 Maximum: 13.0% 

 Minimum: 12.0% 

 Difference: 1.0% 

 VMA 

 Maximum:17.2% 

 Minimum: 16.0% 

 Difference: 1.2% 

 AV at Ndesign 

 Maximum: 5.2% 

 Minimum: 3.0% 

 Difference: 2.2% 
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Figure 119 shows the change of Sapp and RSI for each of the five PMLC samples with the 

change of the total binder content and Vbe. Figure 119 shows that both Sapp and RSI track the 

change in binder content and Vbe well (i.e., higher binder content or Vbe would result in higher 

Sapp value (better fatigue performance) and higher RSI (worse rutting performance)).  

 

Figure 119. Change of Sapp with (1) binder content and (2) Vbe, and the change of RSI with 

(3) binder content and (4) Vbe. 

Figure 120 shows the change of Sapp and RSI for each of the five PMLC samples with the 

change of VMA and AV at Ndesign. Both VMA and AV at Ndesign are commonly used acceptance 

quality characteristics. VMA, in addition to the AV at Ndesign, helps ensure there is an adequate 

asphalt cement in an asphalt mixture to promote its durability. There may not always be a 

production VMA specification, but it is very likely to have a production AV at Ndesign 

specification. Figure 120 shows that VMA and the AV at Ndesign track along together in their 

trends (i.e., higher VMA leads to a higher AV at Ndesign), which is expected. Sapp and RSI are able 
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to capture the effect of the change in air void content on performance (i.e., higher AV at Ndesign 

results in lower Sapp and lower RSI values).  

 

Figure 120. Change of Sapp with (1) VMA and (2) AV at Ndesign, and the change of RSI with 

(3) VMA and (4) AV at Ndesign. 

10.3.5 Conclusions 

Five different samples of plant mix were taken with sufficient time allowed between 

samples to capture the production variations in binder content, gradation, and percent passing 

#200 sieve. The following summarizes the analysis results of the effect of the production 

variability on the mixture performance, in terms of dynamic modulus and individual cyclic 

fatigue parameters. 

 The maximum difference in asphalt binder content, Vbe, VMA, and AV at Ndesign among 
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 This change in volumetrics along with the change in gradation resulted in significant 

differences in the dynamic modulus, damage characteristic curves, and RSI of the five 

PMLC samples.  

 The change in volumetrics and gradation, however, did not result in significant 

differences in Sapp.  

 Sapp and RSI are able to track the effect of changes in volumetric properties (asphalt 

binder content, Vbe, VMA, and AV at Ndesign) on the expected mixture performance.  

 Asphalt Mixture Performance Variation within Mixture Categories 

One of the main challenges with PRS stems from the fact that the pay tables in PRS must 

be developed long before the contracts are let; as a result, SHAs will have to use properties of 

typical mixtures for a given mixture category to develop the pay tables. However, the question 

remains: will the IVR change when these relationships are developed using a set of typical 

mixtures versus the actual mixture used for construction? 

10.4.1 Overview 

Three standard surface mixtures from Indiana were sampled and tested. These mixtures 

were subjected to dynamic modulus testing, cyclic fatigue testing, and stress-sweep rutting 

testing. The mixture performance was first analyzed based on mean differences. A statistical 

analysis was then carried out using various parameters derived from each test to understand the 

significance of the observed differences. The statistical analysis involved checking the validity of 

the normality and equal variances assumptions, as well as running analysis of variance 

(ANOVA) and post-hoc tests. 
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10.4.2 Materials 

The mixtures sampled are from Indiana and are Superpave 5 9.5 mm NMAS mixtures 

with a design number of gyrations of 50. The minimum VMA design requirement is 16%; the 

minimum Vbe is 11%; and the acceptable range of VFA is 60% - 70%. These mixtures are a 

Category 3 mixtures according to the INDOT specifications that are meant to serve an ESAL 

level of 3 million to 10 million. These three mixtures were produced by the same contractor, but 

in different locations around Indiana.  Table 68 summarizes the design volumetric properties and 

properties from QA testing of the three mixtures that were sampled. Figure 121 shows the 

gradation (from QA tests) of the three mixtures. Table 69 presents the percent passing on 

individual sieve sizes.  

Note that five PMLC samples were acquired for mixture S1. Detailed mixture properties 

and performance of each of the five samples can be found in Section 10.3. The information 

shown in Table 68, Figure 121, and Table 69 are the average of the QA testing done for all five 

samples.  
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Table 68. Volumetric Properties of the Design Mix Formula and from Quality Assurance 

Tests of the Three PMLC Mixtures. 

 S1 S2 S3 

NMAS (mm) 9.5 9.5 9.5 

Binder Grade (DMF) PG 64-22 PG 64-22 PG 64-22 

Binder Grade PG 70-22 PG 64-22 PG 70-22 

Binder Content (%) (DMF) 5.7 6.1 6.7 

Binder Content (%) (QA) 6.2 6.0 6.7 

Vbe (DMF) 11.2 11.6 11.8 

Vbe (QA) 12.3 12.2 11.7 

RAP Content (%) 24 26 24 

Ndesign 50 50 50 

Air voids (%) (QA) 4.6 5.7 5.1 

VFA (DMF) 69.1 69.9 70.2 

VFA (QA) 73.0 68.3 69.7 

VMA (DMF) 16.2 16.6 16.8 

VMA (QA) 16.9 17.9 16.8 

Gmm (DMF) 2.524 2.544 2.478 

Gmm (QA) 2.503 2.512 2.481 

Location Indianapolis, IN Lafayette, IN Veedersburg, IN 
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Figure 121. Gradation chart from the quality assurance tests of the three PMLC mixtures. 

Table 69. Percent Passing from the Design Mix Formula and from Quality Assurance Tests 

of the Three PMLC Mixtures. 

 % Passing 

Sieve S1 S2 S3 

1/2" 100.0 100.0 100.0 

3/8" 96.5 94.2 95.6 

#4 72.0 63.3 65.6 

#8 43.5 36.5 35.9 

#16 27.2 23.5 22.7 

#30 18.0 15.6 15.2 

#50 11.9 10.0 10.4 

#100 8.5 6.9 7.6 

#200 6.5 5.1 6.0 
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10.4.3 Test Methods 

The mechanical characterization of the mixtures was conducted using the AMPT via 

dynamic modulus testing (AASHTO TP 132), cyclic fatigue testing (AASHTO TP 133), and 

stress-sweep rutting testing (AASHTO TP 134). The cyclic fatigue test temperature considered 

for all mixtures was 18°C. The stress sweep rutting test temperatures were 20°C and 46°C.  

Included within these three test methods are specifications for specimen preparation 

(AASHTO R 83 and PP 99), determination of theoretical maximum specific gravity (AASHTO 

T 209), determination of bulk specific gravity (AASHTO T 166), and determination of percent 

air voids (AASHTO T 269). The target air-void content for all the mixtures was 5% +/- 0.5% for 

all test specimens. 

10.4.4 Results and Discussion 

Five PMLC samples were acquired for mixture S1. Detailed mixture properties and 

performance of each of the five samples can be found in Section 10.3. In what follows, only 

sample S1-3 is used to illustrate differences among the three mixtures. This analysis was 

replicated for all samples of S1, but similar conclusions were derived from the analysis of the 

other samples. 

10.4.4.1 Dynamic Modulus Test Results  

The dynamic modulus and phase angle results of each of the five PMLC is shown in 

Figure 122. Mixture S2 is observed to have the lowest modulus values among the three samples.  

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 70, Table 62 and Table 71. Table 70 shows that the normality 

and equal variance assumptions were met for most temperature-frequency combinations for the 

dynamic modulus and phase angle. No transformation was applied to the data.  
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Table 71 shows that the dynamic modulus of the three mixtures is significantly different. 

The Tukey-Kramer HSD post-hoc test shows that S2 is significantly different from the other 

mixtures and is also the lowest.  

 

Figure 122. Dynamic modulus of the three mixtures in (1) log-log scale and (2) semi-log 

scale, and the phase angle in (3) semi-log scale.  
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Table 70. Normality and Equal Variances Assumptions Check for Dynamic Modulus and 

Phase Angle of the Three Mixtures. 

Parameters 
Temperature 

(°C) 

Frequency 

(Hz) 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical 

Analysis 

Method 

Dynamic 

Modulus 

Parameters 

4°C 10 Yes 

None 

Yes 

None 

ANOVA 

Tukey-

Kramer 

HSD 

4°C 1 Yes No 

4°C 0.1 Yes Yes 

20°C 10 Yes Yes 

20°C 1 Yes Yes 

20°C 0.1 Yes Yes 

40°C 10 Yes Yes 

40°C 1 Yes Yes 

40°C 0.1 Yes Yes 

Phase Angle 

Parameters 

4°C 10 Yes Yes 

4°C 1 No Yes 

4°C 0.1 No Yes 

20°C 10 Yes Yes 

20°C 1 Yes Yes 

20°C 0.1 Yes Yes 

40°C 10 Yes No 

40°C 1 Yes No 

40°C 0.1 No No 

Table 71. Significant Differences among the Three Mixtures. 

Dynamic Modulus Parameters 

4°C Significantly Different 

20°C Significantly Different 

40°C Significantly Different 

Phase Angle Parameters 

4°C Significantly Different 

20°C Significantly Different 

40°C Significantly Different 

 

10.4.4.2 Cyclic Fatigue Test Results 

10.4.4.2.1 Damage Characteristic Curves and DR 

The cyclic fatigue test data resulting in damage characteristic curves and DR
 are shown in 

Figure 123. Figure 123 (a) shows that the damage characteristic curve of S2 is located the lowest 

while that of S1 is located the highest. The calculated V-norm for the damage characteristic 
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curves shown in Figure 123 (a) is 267, much greater than 22, which is the V-norm repeatability 

threshold for 9.5 mm mixtures using small specimens. This indicates that the damage 

characteristic curves of the three mixtures are most likely to be significantly different from each 

other.  

The height of the bars in Figure 123 (b) indicate the average DR values. The I-bars 

indicate the maximum and minimum measured DR values from individual test replicates. Figure 

123 (b) shows that S3 has the lowest DR value. However, the maximum difference in average DR
 

among all the mixtures is 0.13, which is less than 0.088, the maximum allowable repeatability 

difference for 9.5 mm mixtures using small specimens. The fact that the maximum difference 

between the mixtures is well outside the repeatability limit of DR indicates that there are 

substantial differences between the results.   

 

Figure 123. Fitted damage characteristic curves and DR for the three mixtures. 

10.4.4.2.2 Fatigue Cracking Index, Sapp 

The height of the bars in Figure 124 indicate the representative Sapp values. The 

horizontal dashed lines convey the Sapp thresholds for standard (< 10 million ESALs), heavy 

(between 10 and 30 million ESALs), very heavy (> 30 million ESALs), and extreme traffic 
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levels (greater than 30 million ESALs and slow traffic) (Wang et al. 2022). S1 is observed to fall 

in the heavy traffic category, while S2 and S3 fall in the standard traffic category. Note that all 

the mixtures meet the traffic level that they are meant to serve. Recall that these mixture are a 

Category 3 mixture according to INDOT specifications and are meant to serve a traffic level 

between 3 and 30 million ESALs. Figure 124 shows that S3 has the lowest Sapp value while S1 

has the highest Sapp value.  

 

Figure 124. Sapp for the three mixtures. 

It is important to note that Sapp must be reported as a representative value of all test 

replicates rather than values of individual replicates, according to AASHTO TP 133. 

Accordingly, no I-bars indicating the maximum and minimum values determined from individual 

test replicates are shown in Figure 124. To assess the differences between the representative 

values of Sapp among the variant mixtures, the coefficient of variation (COV) of the three 

mixtures is computed and compared against those obtained from the AASHTO TP 133 

ruggedness and interlaboratory study project (Castorena et al. 2022). The median repeatability 

COV from the 6 laboratories in the interlaboratory study is 3.6%, while the maximum 

repeatability COV is 9.8%. The interpretation of these numbers are as follows: if multiple 
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laboratories test a single asphalt mixture over and over again (thus obtaining multiple 

representative Sapp values), most of the laboratories would observe representative Sapp COV 

values less than 3.6%; however, a few laboratories may observe representative Sapp COV values 

as high as 9.8%.  

In the context of this study, if the representative Sapp COV of the three mixtures is greater 

than 9.8%, then the mixtures are deduced to be substantially different from each other. The 

computed representative Sapp COV of the three mixtures is 20.0% which is much greater than 

9.8%, indicating that the Sapp values of the three mixtures are substantially different from each 

other.  

10.4.4.2.3 Statistical Analysis of Cyclic Fatigue Test Results 

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 72 and Table 73. Table 72 shows that the normality and equal 

variance assumptions were met for all the cyclic fatigue test parameters. No transformation was 

applied to the data. 

Table 73 shows that DR and the damage characteristic curves of the three mixtures are 

significantly different from each other. The Tukey-Kramer HSD and Games-Howell post-hoc 

tests show that the damage characteristic curve of each mixture is significantly different from the 

others, where the curve of S1 is located the highest and that of S2 is located the lowest. 

Similarly, the DR of S3 is found to be significantly different and lower compared to the DR of the 

other mixtures. However, no significant differences are observed in terms of the Sapp values, 

which is in opposition to the observation derived from comparing representative Sapp COV 

values. Recall that for this statistical analysis, the Sapp variability is considered to come from the 
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individual test replicate Sapp values, which is in fact inconsistent with the approach that Sapp must 

be reported (i.e., a representative value based on all test replicates). 

Table 72. Normality and Equal Variances Assumptions Check for Cyclic Fatigue 

Parameters for the Three Mixtures. 

Cyclic Fatigue Parameters 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical Analysis 

Method 

Sapp (Indianapolis, IN) Yes 

None 

Yes 

None 
ANOVA, Tukey-

Kramer HSD 

DR Yes Yes 

Fingerprint |E*| Yes Yes 

Nf Yes Yes 

C at S = 20,000 Yes Yes 

C at S = 200,000 Yes Yes 

Table 73. Significant Differences between the Three Mixtures for Cyclic Fatigue 

Parameters. 

 

10.4.4.3 Rutting Strain Index (RSI) 

The height of the bars in Figure 125 indicate the RSI values. The horizontal dashed lines 

convey the RSI thresholds for standard (< 10 million ESALs), heavy (between 10 and 30 million 

ESALs), very heavy (> 30 million ESALs), and extreme traffic levels (greater than 30 million 

ESALs and slow traffic) (Ghanbari et al. 2022).  

S1 and S3 have RSI values that fall in the heavy traffic category and the RSI of S2 falls 

in the very heavy traffic category, all of which exceeds the traffic level that these mixtures are 

Sapp (Indianapolis, IN) Not Significantly Different 

DR Significantly Different 

Fingerprint |E*| Significantly Different 

Nf Significantly Different 

C at S = 20,000 Significantly Different 

C at S = 150,000 Significantly Different 
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meant to serve. Recall that these mixtures are Category 3 mixtures according to INDOT 

specifications and is meant to serve a traffic level between 3 and 30 million ESALs. Figure 125 

shows that S2 has the lowest (best) RSI value while. 

 

Figure 125. RSI for the three mixtures. 

The statistical analysis for RSI was set up differently than the other comparisons because 

only one RSI value can be obtained for a given mixture. For the statistical analysis, for each 

mixture four different combinations using the factorial combination of low and high temperature 

test results were used to create four additional RSI values. The combinations included the “high” 

high temperature – “high” low temperature, “high” high temperature – “low” low temperature, 

“low” high temperature – “low” low temperature, and “low” high temperature – “high” low 

temperature. For the delta permanent strain, for a given test temperature, if two of the three 

loading blocks were different, then the mixtures were assumed different. 

The results of the statistical analysis done following the framework presented in 

Appendix G are shown in Table 74 and Table 75. Table 74 shows that the normality assumption 

was met for most of the stress-sweep rutting parameters. Since the equal-variances assumption 
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was violated for the high-test temperature for the cycle block 0 – 200 and for RSI, Welch’s 

ANOVA was used for the analysis.  

Table 75 shows that RSI for the three mixtures are significantly different from each other. 

The Games-Howell post-hoc test reveals that S1 has the highest RSI value and is significantly 

different from the other two mixtures.   

Table 74. Normality and Equal Variances Assumptions Check for Stress Sweep Rutting 

Parameters of the Three Mixtures. 

Stress Sweep Rutting 

Parameters 

Normality 

Check 

(Passed) 

Trans. 

Method 

Equal 

Variance 

Check 

(Passed) 

Trans. 

Method 

Statistical Analysis 

Method 

46°C 

0 – 200 Yes 

None 

No 

None 

Welch's ANOVA, 

Tukey-Kramer HSD & 

Games-Howell 

201 – 400 Yes Yes 

ANOVA, Tukey-

Kramer HSD 

401 – 600 Yes Yes 

20°C 

0 – 200 Yes Yes 

201 – 400 Yes Yes 

401 – 600 No Yes 

RSI (Indianapolis, IN) Yes No 

Welch's ANOVA, 

Tukey-Kramer HSD & 

Games-Howell 

 

Table 75. Significant Differences among the Three Mixtures for the Stress Sweep Rutting 

Test Parameters. 

46°C Significantly Different 

20°C Not Significantly Different 

RSI (Indianapolis, IN) Significantly Different 

 

10.4.5 Conclusions 

Three standard surface mixtures from Indiana were sampled and tested. The mixtures 

sampled are from Indiana and are Superpave 5 9.5 mm NMAS mixtures. These three mixtures 
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were produced by the same contractor, but in different locations around Indiana. The following 

summarizes the results of the asphalt mixture performance variation within a mixture category. 

 Significant differences were observed in terms of the mixture dynamic modulus, damage 

characteristic curves, DR, and the rutting index, RSI.  

 No significant differences were observed in the fatigue index Sapp. However, the 

coefficient of variation of Sapp among the three mixtures was 20%, which is much higher 

than the maximum reported coefficient of variation for 9.5 mm mixtures in the AASHTO 

TP 133 ruggedness and interlaboratory study project (9.8%). This finding suggests that 

substantial differences in Sapp exist although the statistical analysis may not capture it due 

to a number of reasons (e.g., small sample size, Sapp variability considered to come from 

the individual test replicate values).  

 All in all, this study shows that mixtures within the same traffic classification can 

perform significantly differently. In other words, although some mixtures might have 

similar volumetric properties, the fatigue and rutting performance of these mixtures might 

be significantly different. 
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CHAPTER 11. CONCLUSIONS AND FUTURE WORK 

 CONCLUSIONS 

The main products of the research reported herein are:  

1. A refined and field calibrated PAM that predicts the evolution of binder |G*| at 64°C, 10 

rad/s for any field aging duration, climatic conditions, and pavement depth,  

2. A methodology that allows estimating the PAM inputs using RTFO and 40 hours of PAV 

or binder PG instead of loose mixture aging,  

3. A methodology that allows estimating the PAM inputs for mixtures containing RAP, 

4. The AMAC model that translates the changes in binder |G*| predicted from PAM into 

changes in mixture linear viscoelastic and fatigue properties,  

5. The integration of the PAM and AMAC models into FlexPAVETM V2.0 to allow 

pavement performance prediction using the evolution of both asphalt mixture linear 

viscoelastic and fatigue properties with the effects of oxidative aging, and 

6. A guidance document for integrating the PASSFlexTM components within a PRS 

framework. 

Specific conclusions drawn from the research conducted in this dissertation are 

summarized below. 

11.1.1 Modeling of the Oxidative Aging Phenomenon of Asphalt Pavements 

11.1.1.1 Refinement of the PAM and Development of Procedures to Estimate the PAM Inputs 

 Separate field calibration for unmodified and polymer modified sections may be 

unnecessary.  
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 Some of the RAP and WMA sections were excluded from the field calibration of the 

PAM. The outlying behavior is attributed to the laboratory short-term aging procedure 

that overestimates field aging in cold climates. 

 For most of the sections evaluated, the PAM predictions agree reasonably well with the 

field core measurements, except some of the field sections containing RAP.  

 The PAM predictions generally were found to outmatch the GAS model predictions, with 

some exceptions.  

 The refined PAM requires two primary material inputs, log |G*| at STA and M, as well as 

the pavement temperature history. The pavement temperature history can be obtained 

from EICM. The material inputs, log |G*| at STA and M, can be obtained using one of 

three approaches: loose mixture aging, RTFO/PAV aging, or PG, ranked with a 

decreasing level of accuracy. 

 The material-specific kinetics parameters of a mixture with a specific RAP content can be 

obtained from separate virgin and RAP material-specific kinetics parameters. 

 The RAP binder kinetics parameters can be estimated from the commonly used high PG 

of the virgin binder at the location of interest. Maps were developed to help determine the 

RAP high PG for a given virgin binder high PG for any location in the United States. 

11.1.1.2 Development of the AMAC Model and the Implementation of Oxidative Aging Effects 

in FlexPAVETM 

 Asphalt mixtures exhibit an increase in modulus value, a decrease in phase angle, and a 

change in tTS factors with aging. 
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 Asphalt mixtures manifest a general deterioration in fatigue performance with aging. The 

deterioration is indicated by higher and shorter damage characteristic curves, lower DR 

values, and lower Sapp values in comparison to the properties measured at short-term 

aging. 

 The difference between log |G*| values for short-term aging conditions and long-term 

aging conditions was used to calculate a shift factor that allows estimating the mixture 

properties at the long-term aging condition based on known short-term aging properties. 

 The main required inputs for AMAC are the evolution of log |G*| at any climatic 

condition and depth in the pavement, which can be obtained using the PAM, and the 

mixture short-term aging properties, whether measured or otherwise obtained. 

 The output damage results from the FlexPAVETM simulations suggest that the effect of 

aging on pavement performance is evident only when simulations with realistic traffic 

and climatic conditions are considered. 

 Superposing the traffic stress components with the tensile stress components induced by 

thermal loading in FlexPAVETM V2.0 leads reasonable simulations results (compared to 

the performance of field sections). This is as opposed to superposing either the damage 

components or damage factor components of traffic and thermal loading.  

 The reference area used to calculate percent damage in FlexPAVETM V2.0 simulations 

was modified to consider the entire width of the pavement cross-section.  This was done 

in order to capture the effects of oxidative aging and thermal loading, which manifest 

throughout the pavement cross-section.  
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11.1.2 Quality Assurance Aspects of PRS 

 PVR and IVR link traditional AQCs with AMPT performance test index properties and 

predicted pavement performance and can be used in typical QA processes. This is 

because the use of AMPT performance testing for QA purposes poses practical problems 

since the time required to fabricate performance test specimens and conduct all the 

performance tests is too long for the test results to be used efficiently in typical QA 

processes. 

 The PVR and IVR relationships are meant to pre-calibrate the performance/index 

property variations as a function of the AQCs at the project initiation phase. Then, they 

can be used to predict the as-constructed performance index/performance values using 

the traditional AQCs measured during production. 

 The work presented herein shows that significant differences in performance exist 

between mixtures that were designed following the current volumetrics-based mixture 

classification system that categorizes mixtures for different traffic levels. This is 

problematic because a ‘typical’ mixture for a set, or class, of mixtures cannot be used to 

calibrate PVR/IVR at the project initiation phase.  

 SHAs should consider restructuring their mixture classification system to be based on 

mixture performance rather than on volumetric design to achieve better performance 

consistency from mixtures within the same classification.  

 PRS can be developed based on IVR. The index parameters, however, are independent of 

the pavement structure. Thus, pay tables that are developed based on index values may 

not be as accurate as pay tables that are based on performance.  
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 PRS can be developed based on PVR. The performance (i.e., service life) predicted from 

FlexPAVETM using a project-specific pavement structure, loading conditions, and 

environment can be more reliable in developing pay tables.  

 Mixture design can be developed based on either index parameters or pavement 

performance. Contractors can test existing mixtures to obtain index 

parameters/performance; contractors can design mixtures based on IVR/PVR using two-

point volumetric domain; contractors can design mixtures based on IVR/PVR using four-

point volumetric domain; mixtures can be designed by an independent laboratory.  

 Mixture approval can be based on either index parameters or pavement performance. 

SHAs can accept contractor data with no verification; SHAs can accept contractor data 

with limited/full verification; SHAs conduct the testing only; mixtures can be verified by 

an independent laboratory.  

  Field acceptance and payment are based on traditional AQCs that are routinely measured 

and the pay tables developed in PRS (based on either IVR or PVR).  

 The work presented herein shows that using an alternate binder grade during production 

can have a significant impact on a mixture’s fatigue and rutting performance (this finding 

is based on testing conducted on a single set of materials). IVR and PVR, thus, may not 

be able to assess all conceivable changes in mixture composition that could occur during 

production (volumetric properties might not necessarily represent a change in mixture 

quality that results from a change in binder grade). 
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 The work presented herein also shows that using an alternate binder source, changing 

RAP content by 5%, using an alternate RAP source, and replacing manufactured sand 

with natural sand may not necessarily impact a mixture’s performance (this finding is 

based on testing conducted on a single set of materials).  

 To capture the change in mixture quality during production due to factors that cannot be 

captured by changes in volumetric properties, performance tests must be conducted 

during production. Performance tests can be done periodically in addition to AQC 

measurement; performance tests can be done on a more regular basis in addition to AQC 

measurement; only performance testing is done during production.  

 In the event that performance tests are conducted during production alongside the 

measurement of AQCs, the PRS should provide different pay tables to adjust the pay 

factors based upon the indices/pavement performance obtained from the material 

properties measured during production. Mixtures in a lot would then be paid considering 

the variation in AQCs by using the pay table associated with the indices/performance of 

the QA sample of that lot.  

 The frequency of the performance tests during construction depends on many factors, 

including but not limited to where the performance test sample is fabricated, where the 

AMPT performance tests are conducted, AMPT testing durations, number of available 

AMPT testing machines, number of test replicates, etc. 

 FUTURE WORK 

Some areas where continued research is needed are listed below.  
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 RAP sections are particularly complex to handle and model especially in consideration 

with the effects of oxidative aging. The tools for modeling the oxidative aging of asphalt 

pavement presented herein are promising; however, more RAP materials, mixtures, and 

field sections are needed to thoroughly investigate the effect of RAP blending, age-level 

of RAP, sources of RAP, and RAP content. RAP field sections are needed with 

component materials and field cores preferably obtained at multiple long-term field aging 

durations. These sections should be obtained from different climatic conditions and be of 

relatively different age levels, in contrast to the field sections included in this work that 

are mainly from two climatic conditions and aged for only 4 years. The mechanism by 

which mixtures containing RAP age in the field is unknown and is heavily dependent on 

the degree of blending between the RAP and virgin materials as well as the sources of 

each of the RAP and virgin materials. If 100% blending between RAP and virgin 

materials is assumed not true, three different kinetics reactions would be occurring 

simultaneously in the pavement since each of the RAP, virgin, and blended materials 

would have different kinetics parameters. The source of each of the RAP and virgin 

materials is also of importance. It is well known that virgin binders with a similar PG can 

have different aging susceptibilities. RAP, on the other hand, is much more complex. 

RAP can refer to materials that have been aged and re-aged for up to 20-30 years, and it 

can refer to excess materials from production with little-to-no aging. RAP can have 

various levels of aging depending on its previous placement in the pavement and the 

climatic conditions it was subjected to. Finally, RAP materials can have varying sources 

and PG of virgin binders. 
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 The work presented herein compared three methods of superposing the damaging effects 

of traffic and thermal loading: 1) superposing the traffic stress components with the 

tensile stress components induced by thermal loading, 2) superposing the damage 

components induced separately by the traffic and thermal loading, and 3) superposing the 

damage factor components induced separately by the traffic and thermal loading. These 

methods were evaluated solely based on the reasonableness of the FlexPAVETM 

simulation results in comparison to the field section performance. However, an in-depth 

experimental, computational, or combined experimental/computational study needs to be 

conducted to understand how the damaging effects of traffic and thermal loading 

manifest in an asphalt mixture. 

 Performance specifications can be thought of as a fundamental component of an overall 

performance contracting system in which a project’s specifications, contract delivery 

method, and procurement strategy are all tailored to each other and to accomplishing the 

project’s objectives. The work presented herein focused on performance-related 

specifications developed under a traditional design-bid-build (DBB) project delivery 

method in a low-bid procurement environment. In a DBB delivery system where the 

design is defined by the agency, the contractor has fewer opportunities to innovate or 

provide alternate design or construction solutions under performance specifications. 

Under this approach, specifying high-level performance criteria may therefore be 

inappropriate, as that would require the contractor to assume risk for items that it has 

minimal control over. Design-build (DB) and its variations can generate multiple 

solutions to achieve the desired performance through alternate designs, materials, or 

construction methods. Similarly, the traditional lowest-bid procurement process may not 
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always offer the best approach to selecting a contractor. This low-bid procurement 

method has a well-established legal precedence, encourages open competition, and 

delivers the lowest starting price that responsible, competitive bidders can offer. 

However, to help achieve performance goals, the agency can select/prequalify contractors 

based on their ability to meet certain minimum prescribed requirements related to the 

contractor’s quality management systems, personnel, and historical performance on 

similar projects. All in all, the pros and cons of other project delivery methods and 

procurement processes should be researched in order to maximize the potential of 

performance specifications for use in the asphalt pavement construction. 
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APPENDIX A LIST OF EQUIPMENT FOR AMPT TESTING 

This Appendix A provides a list of the equipment and materials required to conduct the 

different AMPT test methods (dynamic modulus, cyclic fatigue, and SSR tests). A detailed 

equipment list for specimen fabrication can be found in Appendix F of the National Highway 

Institute (NHI) training course workbook 

(https://www.fhwa.dot.gov/pavement/asphalt/pubs/appendixf.pf). Some coring/cutting 

equipment that is needed to fabricate small-specimen geometry (38-mm diameter) is not listed in 

Appendix F of the NHI training course workbook, so they are included here. 

1. AMPT 

 External temperature conditioning chamber (not required but recommended) 

 

2. Specimen preparation  

 Coring and cutting: 

 Coring machine and coring bits for small specimens (38-mm diameter) and large 

specimens (100-mm diameter) 

 Small saw to cut the 38-mm diameter specimens, typically a wet tile saw 

 Large saw to cut the 100-mm diameter specimens, typically a wet saw with a 16” to 

20” diameter diamond blade 

 Gluing: 

 Gauge points 

 Gauge point fixing jig (and adapters for small specimens) 

 Epoxy - Devcon 10240 (recommended) 

https://www.fhwa.dot.gov/pavement/asphalt/pubs/appendixf.pf
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 Epoxy mixing surface 

 Epoxy mixing tool 

 Small balance to measure proper amount of epoxy 

 Acetone for cleaning epoxy 

3. Dynamic modulus testing: 

 End platens (for small specimens) 

 PTFE (Teflon) friction reducer discs 

 LVDTs 

 LVDT mounting clamps (X-Men) or other LVDT attachment equipment 

 One ball bearing 

 

4. Cyclic fatigue testing: 

 Cyclic fatigue platens and adapter for small specimens  

 IPC tension platen fixing jig 

 Epoxy mixing tool (i.e., small spatula) 

 Bolts for attaching platens 

 Split ring washers, sized to match the bolts 

 Shims 

5. SSR testing: 

 Latex friction reducers 
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 Latex 

 Silicone grease 

 Small balance 

 Latex sleeve membrane 

 Loading platens 

 O-rings to fit loading platens 

 One ball bearing 

 One small hose to connect the loading platen and AMPT 

 One bubble bottle, and associated hose 
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APPENDIX B MIXTURES USED TO DEVELOP Sapp THRESHOLD VALUES 

Mixture ID Totala HMAa,b PMAa WMAa 
RAP> 

40%a 
Virgin Binder PG NMAS 

Gradation 

Type 
Remarks 

AL (surface) 6d 0 2 2 2c 67-22, 76-22 9.5, 12.5 mm 
Fine, 

OGFC 

NCAT test track mixtures, 2009 cycle, includes 1 

polymer-modified OGFC mixture 

AL (bottom) 5d 1 0 2 2c 67-22 19 mm Fine  NCAT test track mixtures, 2009 cycle 

AL (aged) 4e 0 0 0 4 67-22 19 mm Fine  50% RAP mixtures at different aging levels 

Canada (surface) 8d 3 0 3 2 58-28, 58-34 16 mm Fine  Mixtures used in Manitoba test road 

Canada (base) 4d 1 0 3 0 58-28 16 mm Fine  Mixtures used in Manitoba test road 

VA-ALF 7d 3 2 0 2 
58-28, 64-22, 70-22, 

70-28, 76-28 
12.5 mm Coarse  ALF mixtures used in 2003 and 2013 cycles 

VA-PEMD 10d 10 0 0 0 64-22 12.5 mm Coarse  
Mixtures designed for different volumetric 

properties 

NH 9d 6 0 0 3 58-28, 64-28 12.5 mm Fine  
Mixtures used in Northeast RAP study with 

various %RAP, %binder, and binder grades 

Korea 2d 1 1 0 0 64-22, 76-22 19 mm Fine  Surface mixtures from S. Korea test road 

NC (aged) 4e 4 0 0 0 
58-28 (64-22 Pay 

Grade) 
9.5 mm Fine  Surface mixtures at different aging levels 

NC 7e 6 1 0 0 
64-22, 70-22, 

76-22 

9.5, 19, 25 

mm 
Fine  Mixtures commonly used in North Carolina 

NC-PEMD 9e 9 0 0 0 
58-28 (64-22 Pay 

Grade) 
9.5 mm Fine  Mixtures with different volumetric properties 

ME-QA 10e 0 10 0 0 64E-28 12.5 mm Fine  
Mixtures sampled from actual paving project for 

quality assurance 

ME 4e 4 0 0 0 64-28 12.5 mm Fine  Mixtures with different binder contents 

GA 16e 14 2 0 0 
64-22, 67-22, 

76-22 

9.5, 12.5, 19, 

25 mm 
Fine, Coarse  Paving mixtures commonly used in Georgia 

Total 105 62 18 12 15 NA NA NA NA 

Note: HMA is hot mix asphalt; PMA is polymer-modified asphalt, WMA is warm mix asphalt, RAP is reclaimed asphalt pavement, PG is performance grade, NMAS 

is nominal maximum aggregate size, AL is Alabama, OGFC is open-graded friction course, NCAT is National Center for Asphalt Technology, VA-ALF is the 

FHWA’s Virginia - Accelerated Load Facility (mixture), VA-PEMD is the VA mixture tested under 21 volumetric conditions, NH is New Hampshire, NC is North 

Carolina, NC-PEMD is the NC mixture tested under multiple volumetric conditions, ME-QA is from Maine DOT’s quality assurance data, GA is Georgia, and NA is 

‘not applicable’. Note: a Number of mixtures; b conventional mixtures without polymer or WMA additives; c includes one mixture that is WMA with high RAP 

content; d 100 mm diameter specimens tested; and e 38 mm diameter specimens tested.  
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APPENDIX C MIXTURES USED TO DEVELOP RSI THRESHOLD VALUES 

Mixture ID Totala HMAa,b PMAa WMAa 
RAP> 

40% 

Virgin Binder 

PG 
NMAS 

Gradation 

Type 
Remarks 

AL (surface) 6 0 2 3c 2c 67-22, 76-22 
9.5, 12.5 

mm 

Fine, 

OGFC 
NCAT test track mixtures, 2009 cycle 

AL (intermediate) 6 0 2 3c 2c 67-22, 76-22 19 mm Fine NCAT test track mixtures, 2009 cycle 

AL (base) 6 2 0 3c 2c 67-22 19 mm Fine NCAT test track mixtures, 2009 cycle 

Canada (surface) 8 3 0 3 2 58-28, 52-34 16 mm Fine Mixtures used in Manitoba test road 

Canada (base) 4 1 0 3 0 58-28 16 mm Fine Mixtures used in Manitoba test road 

VA-ALF 8 4 2 0 2 

58-28, 64-22, 

70-22, 70-28, 

76-28 

12.5 mm Coarse ALF mixtures used in 2003 and 2013 cycles 

NH 8 5 0 0 3 58-28, 64-28 12.5 mm Fine 
Mixtures used in Northeast RAP study with various 

% RAP, % binder, and binder grades 

Korea 5 4 1 0 0 64-22, 76-22 
19, 25, 40 

mm 
Fine Mixtures from S. Korea test road 

NC 5 4 0 1 0 64-22, 70-22, 
9.5, 19, 25 

mm 
Fine Mixtures commonly used in North Carolina 

NC-PEMD 9 9 0 0 0 
58-28 (64-22 

Pay Grade) 
9.5 mm Fine Mixtures with different volumetric properties 

ME-QA 10 0 10 0 0 64E-28 12.5 mm Fine 
Mixtures sampled from actual paving project for 

quality assurance 

ME 4 4 0 0 0 64-28 12.5 mm Fine Mixtures with different binder contents 

Total 79 36 17 16 13 NA NA NA NA 

Note: PMA is polymer-modified asphalt, WMA is warm mix asphalt, RAP is reclaimed asphalt pavement, PG is performance grade, NMAS is nominal 

maximum aggregate size, AL is Alabama, OGFC is open-graded friction course, NCAT is National Center for Asphalt Technology, VA-ALF is the FHWA’s 

Virginia - Accelerated Load Facility (mixture), NH is New Hampshire, NC is North Carolina, NC-PEMD is the NC mixture tested under multiple volumetric 

conditions, ME-QA is from Maine DOT’s quality assurance data, and NA is ‘not applicable’. 
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APPENDIX D ASPHALT MIXTURE PERFORMANCE TESTER (AMPT) TEST 

METHODS AND STANDARDS 

D.1. DYNAMIC MODULUS TESTING 

The dynamic modulus (E*) of asphalt mixtures must be measured to calibrate its linear 

viscoelastic characteristics. These properties are used to calculate the mechanical responses 

under traffic and climate loading in pavement performance analyses and are marked as the intact 

material properties in fatigue damage and thermal cracking modeling using the Simplified 

Viscoelastic Continuum Damage (S-VECD) model. 

The dynamic modulus can be measured using large or small specimens. The large 

specimens are 100 mm in diameter and 150 mm tall, whereas the small specimens are 38 mm in 

diameter and 110 mm tall. AASHTO T 378 Standard Method of Test for Determining the 

Dynamic Modulus and Flow Number for Asphalt Mixtures Using the Asphalt Mixture 

Performance Tester (AMPT) and AASHTO TP 132 Standard Method of Test for Determining 

the Dynamic Modulus for Asphalt Mixtures Using Small Specimens in the Asphalt Mixture 

Performance Tester are used for dynamic modulus testing of large and small specimens, 

respectively.  

The small test specimens are cored and cut from a gyratory-compacted sample that is 180 

mm in height and 150 mm in diameter and fabricated in accordance with AASHTO R 83 

Standard Practice for Preparation of Cylindrical Performance Test Specimens Using the 

Superpave Gyratory Compactor (SGC). Two or three replicates usually are tested at three 

temperatures: 4°C, 20°C, and 40°C. The highest temperature is determined by the performance 

grade (PG) of the binder in the mixture in accordance with AASHTO TP 132. Three loading 

frequencies of 10 Hz, 1 Hz, and 0.1 Hz are applied at each of three temperatures. The applied 
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loads are compression loads in haversine form and controlled such that the test specimen is 

subjected to microstrain between 50 and 75. The loading process at one temperature is completed 

automatically by the AMPT. A set of E* tests, with three replicates per mixture, can be finished 

within one business day if an external conditioning chamber is available. This time estimate does 

not cover the time required to fabricate the test specimens. The test results can be processed 

using a spreadsheet program, for example, FlexMAT™-Cracking.  

D.2. CYCLIC FATIGUE TESTING 

The cyclic fatigue test is used within the AM-PRS framework to characterize the 

material’s behavior in terms of cracking damage. Similar to the dynamic modulus test, the cyclic 

fatigue test can be performed using large or small specimens in the AMPT, following 

respectively AASHTO TP 107 Standard Method of Test for Determining the Damage 

Characteristic Curve and Failure Criterion Using the Asphalt Mixture Performance Tester 

(AMPT) Cyclic Fatigue Test and AASHTO TP 133 Standard Method of Test for Determining the 

Damage Characteristic Curve and Failure Criterion Using Small Specimens in the Asphalt 

Mixture Performance Tester (AMPT) Cyclic Fatigue Test. The test temperature is determined by 

the PG of the asphalt binder in the mixture in accordance with AASHTO TP 133. A cyclic load 

with 10 Hz frequency is applied to the specimen by controlling the loading actuator movement at 

a constant tension strain amplitude. The actuator displacement is controlled so that the test 

specimens with different moduli will fail between 2,000 to 80,000 cycles. The test results can be 

processed by a spreadsheet-based program such as FlexMAT™-Cracking. A set of cyclic fatigue 

tests with four replicates can typically be completed within one to two business days depending 

on the testing temperature and microstrain input.  This time estimate does not cover the time 

required to fabricate the test specimens. 
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D.3. STRESS SWEEP RUTTING TESTING 

The stress sweep rutting (SSR) test (AASHTO TP 134 Standard Method of Test for 

Stress Sweep Rutting (SSR) Test Using Asphalt Mixture Performance Tester (AMPT)) is used to 

characterize the resistance of asphalt mixtures to rutting using the shift model. Results from SSR 

tests at the high and low test temperatures are used to calibrate the shift model which predicts 

permanent deformation in asphalt layers as a function of the deviatoric stress level, loading time, 

and temperature. 

The SSR test is performed using specimens that are 150 mm in height and 100 mm in 

diameter and fabricated in accordance with AASHTO R 83. At least two replicate specimens 

should be tested at each low and high temperature. The two test temperatures are selected based 

on LTPPBind Online. A constant confining pressure of 10 psi is applied during the test. Vertical 

loading is applied for 600 cycles at three deviatoric stress levels for each of the two 

temperatures. The loading sequence is 70 psi, 100 psi, and 130 psi for the low temperature (TL) 

and 100 psi, 70 psi, and 130 psi for the high temperature (TH). The load pulse is 0.4 s for each 

cycle and the rest periods are 1.6 s for TL and 3.6 s for TH. The test results can be processed by a 

spreadsheet-based program such as FlexMAT™-Rutting. A set of SSR tests can be conducted 

within 1 to 1.5 business days, including preconditioning time. This time estimate does not cover 

the time required to fabricate the test specimens.   
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APPENDIX E SOFTWARE PROGRAMS 

E.1. PASSFLEXTM 

PASSFlexTM is software that supports the Asphalt Mixture Performance-Related 

Specifications (AM-PRS) framework. The subfunctions of PASSFlex™ guide PRS users at each 

step, from the initial mix design to generating the pay table and pay factors, which is required to 

develop and implement PRS for a paving project. The overall framework and detailed steps of 

PASSFlex™ are currently being developed under the Federal Highway Administration (FHWA) 

Project DTFH61-13-C-00025.  

E.2. FLEXMATTM 

FlexMATTM-Cracking and FlexMATTM-Rutting are Excel-based programs that are used 

to process the data files generated by the AMPT for fatigue and rutting analyses, respectively. 

These programs are available from the FHWA at 

https://www.fhwa.dot.gov/pavement/asphalt/analysis/. After importing the appropriate data 

files, the user can perform complex analysis algorithms in FlexMATTM-Cracking to generate a 

dynamic modulus mastercurve and time-temperature shift factors and to calibrate the Simplified 

Viscoelastic Continuum Damage (S-VECD) cracking model, and FlexMATTM-Rutting to 

calibrate the shift permanent deformation model.  

The analyses of the dynamic modulus and cyclic fatigue test results are combined into a 

single Excel FlexMAT™-Cracking template. This template is used to determine the time-

temperature shift factor model and Prony series model coefficients using the dynamic modulus 

test results. The dynamic modulus analysis results are integrated with the AMPT cyclic fatigue 

data to determine the S-VECD model coefficients and failure criteria parameters. In addition, the 

FlexMAT™-Cracking template can be used to predict the fatigue life at any strain amplitude, 

https://www.fhwa.dot.gov/pavement/asphalt/analysis/
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temperature, and loading frequency of interest. The Sapp index parameter also is calculated using 

this program. 

The AMPT SSR test results are input into the FlexMAT™-Rutting template, which 

calculates the shift model parameters. The Rutting Strain Index (RSI) values also are calculated 

using this program, given the layer type and climate location.   

The results of both the FlexMAT™-Cracking and SSR FlexMAT™-Rutting templates 

can be used to generate FlexPAVE™ material input files. In addition, FlexMAT™-Cracking 

calculates the model coefficients for the thermal cracking model and aging models that are used 

in FlexPAVETM. 

E.3. FLEXPAVETM 

FlexPAVETM is a pavement performance analysis program that employs VECD theory to 

account for the effects of loading rate and temperature on asphalt pavement responses and 

distress mechanisms. Version 1.1 uses layered theory to expedite the computation whereas 

Version 2.0 employs full finite element analysis that updates the material’s stiffness value as the 

material accumulates damage. This software program utilizes three-dimensional finite element 

analysis with moving loads to compute the mechanical responses under various traffic loads. 

Also, the Enhanced Integrated Climatic Model is used in FlexPAVETM to introduce realistic 

climatic conditions to the pavement responses and performance calculations. The computed 

strain and stress values are then used to calculate the fatigue damage and rut depth values. The 

fatigue damage evolution in the pavement cross-section is simulated using the S-VECD model. 

The obtained percentage of damage, ‘%Damage’, in the pavement cross-section is then 

converted to the percentage of cracking, ‘%Cracking’, on the pavement surface using a newly 

developed preliminary transfer function (Wang et al. 2021). The rut depth is computed using the 
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shift permanent deformation model. Good agreement has been found between FlexPAVE™ 

predictions and field measurements (Wang et al. 2016, Wang et al. 2018). 

The main advantages of using a mechanistic model coupled with FlexPAVE™ as the 

performance prediction program are as follows. The fatigue damage evolution and rut depth 

evolution can be predicted as the service time increases from Year 1 to the end of the 

mixture/pavement design life. With given thresholds of the maximum allowable %Cracking and 

rut depth, the pavement life in terms of fatigue cracking and permanent deformation (rutting), 

respectively, can be predicted. A comparison is made between the pavement life that is predicted 

from %Cracking and that predicted from rut depth, and the minimum value obtained from this 

comparison becomes the life of that pavement. Thus, users can select the ‘performance-

optimum’ design based on the predicted pavement life. Furthermore, the material performance 

predictions are integrated with the project-specific pavement structure, traffic loads, and climate 

conditions. If the conditions of the project allow, pavement engineers potentially can design 

asphalt mixtures and pavement structures together.  
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APPENDIX F GUIDELINES FOR SELECTING GRADATIONS FOR TWO OR FOUR 

CORNERS 

This Appendix F presents guidelines to select the two gradations that are needed to 

establish the two or four corners in the volumetric space based on the initial mix design 

gradation. The goal is for the two gradations to bracket the initial mix design gradation such that 

(1) the first gradation is close to the maximum density line and (2) the second gradation is close 

to the upper (for fine-graded mixtures) or lower (for coarse-graded mixtures) gradation limits 

specified by the state highway agency.  

In selecting the two aggregate blends, the following directives are important: 

1. Maintain the same nominal maximum aggregate size (NMAS) as used in the initial mix 

design. The NMAS is defined according to AASHTO M 323 as the sieve size that is 

larger than the first sieve to retain more than 10% aggregate. 

2. Maintain the same gradation type, e.g., fine-graded, coarse-graded, or stone matrix 

asphalt (SMA), as the initial mix design. 

3. Avoid removing, adding, or replacing the aggregate stockpiles used in the initial mix 

design. 

4. Limit the change in RAP content to ± 5% from the initial mix design. 

5. Limit the maximum difference in % passing of any given sieve between the two 

aggregate blends to no more than 20%, if possible. 

 

The two gradations should yield voids in mineral aggregate (VMA) values that are at 

least 0.5% different than the initial mix design, or at least 1.0% from each other using samples 

compacted to Ndesign in accordance with AASHTO T 312. 
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Note that achieving a VMA difference of at least1.0% should be possible with the above 

directives. In the event that a VMA difference of 1.0% cannot be achieved, the available 

aggregate stockpiles might not provide the flexibility needed to make adjustments to meet 

specification requirements during production. In general, blends using a single coarse or fine 

aggregate will be very challenging to achieve the desired spread in gradations and VMA, 

especially if the RAP percentage is fixed. The limited allowable change in RAP content in 

Directive 4 above is designed to give flexibility in creating the two gradations with sufficiently 

large VMA difference without affecting the performance of the final mix design due to a large 

change in RAP content. There are other practical limitations on proportioning aggregate and 

RAP materials that can also make this procedure challenging. For example, it is a general rule of 

thumb that the minimum percentage of all stockpiles be at least 10% in order to consistently feed 

material through a cold feed bin. Also, many mix designers add one to two percent baghouse 

fines (BHF) to blends to account for aggregate breakdown through the plant. Changing the 

percentage of BHF in the two blends can help achieve the desired difference in VMA, but it may 

not be possible to achieve the gradations without additional BHF controls on many plants. 

According to AASHTO M 323, aggregate blends of dense-graded mixes typically are 

defined as coarse-graded if they pass below the primary control sieve (PCS) control point on the 

maximum density line. Aggregate blends that pass above the PCS control point are classified as 

fine-graded. Table 41 shows the PCS and corresponding percentage that passes (% passing) the 

PCS control point for various NMAS values.  

The VMA represents aggregate packing. Specifications often state minimum VMA 

requirements because the VMA generally is associated with the asphalt mixture’s durability. 

Denser gradations, associated with below-minimum VMA values, generally lead to lower asphalt 
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binder contents for a given design air void content. In such cases, the asphalt binder that coats 

the coarse aggregate particles is relatively thin and thus provides less durability for the mixture. 

The VMA (aggregate packing) of a mixture is affected by the following factors: 

1. Gradation (continuously graded, gap-graded, etc.) 

2. Type and amount of compaction effort (e.g., 50 Marshall hammer blows vs. 75 

Superpave gyratory compactor gyrations). 

3. Particle strength (weak vs. strong and resulting degradation upon compaction). 

4. Particle texture (smooth vs. rough; smooth particles pack more easily). 

5. Particle shape (cubical vs. flat and elongated; cubical particles pack more densely). 

Each mix design has a unique combination of these five factors. Generally, selecting 

different particle strengths, textures, and shapes based on the available materials is inconvenient 

or even impossible. Further, the type and amount of the compaction effort generally are defined 

by specifications. Therefore, to adjust the VMA, changing the gradation can be the most 

practical approach.   

Choosing the combinations of the five factors that will define the two or four corners is 

critical in delineating the range of mixture performance that can be predicted. Although replacing 

good quality aggregate with poorly crushed gravel and/or large amounts of natural sand might 

achieve the desired range of VMA, the resulting mixture/two or four-corner domain might 

exhibit a substantial decrease in rut resistance. This scenario also might lead to prediction 

inaccuracies if the prediction of interest is the performance of a mixture that does not contain 

replacement aggregate. Engineers and technicians who proceed with similar replacements to the 

conditions that constitute the two or four corners should understand how such changes can affect 

HMA performance and must be prepared to accept any loss in predictive accuracy.  



 

436 

The following is general guidance to adjust the gradation (fine-graded, coarse-graded, or 

SMA) to increase or decrease the VMA. The adjustments are described here simply in terms of 

the percentage that passes specific sieve sizes. The sieve sizes include the PCS, 0.075 mm, and 

two sieve sizes that are a function of the NMAS and represent the coarse fraction and fine 

fraction of the blend, respectively. This guidance is a streamlined version of a more involved and 

systematic method of understanding aggregate packing and should not be regarded as 

comprehensive. For a better understanding of aggregate packing and its effect on the VMA, see 

Vavrik et al. (2002). Table 76 presents a summary of the sieve sizes of interest for coarse-graded 

and SMA blends with various NMAS values.  

Table 76. Control Sieve Sizes for Coarse-Graded and SMA Blend Adjustments Based on 

Mixture NMAS 

Nominal Maximum 

Aggregate Size 

(mm) 

Sieve Size 1: 

Coarse Fraction 

(mm) 

Sieve Size 2: 

PCS 

(mm) 

Sieve Size 3: 

Fine Fraction 

(mm) 

Sieve Size 4: 

Dust Fraction 

(mm) 

37.50 19.00 9.50 2.36 0.075 

25.00 12.50 4.75 1.18 0.075 

19.00 9.50 4.75 1.18 0.075 

12.50 6.35* 2.36 0.60 0.075 

9.50 4.75 2.36 0.60 0.075 

4.75 2.36 1.18 0.30 0.075 

Note: *This size is not typically used to determine gradations. The percent passing this sieve can 

be interpolated using the values from the adjacent sieves. 

 

To adjust the VMA in coarse-graded and SMA blends, the following factors should be 

considered. 

1. An increase in the % passing Sieve Size 1, while maintaining the same % passing Sieve 

Size 2, will increase the VMA. Conversely, a decrease in the % passing Sieve Size 1, 

while maintaining the same % passing Sieve Size 2, will decrease the VMA. 

2. Adjustment of Sieve Size 2 (PCS): 
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 For coarse-graded blends, an increase in the % passing Sieve Size 2 by 4% will 

decrease the VMA by approximately 1%, while a decrease in the % passing Sieve 

Size 2 by 4% will increase the VMA by approximately 1 percent. The % passing 

Sieve Size 2 is recommended to stay above 30% to avoid excessive coarse aggregate 

interlocking that typically results in field compaction problems. 

 For SMA blends, an increase in the % passing Sieve Size 2 by 2% will decrease the 

VMA by approximately 1%, while a decrease in the % passing Sieve Size 2 by 2% 

will increase the VMA by approximately 1 percent. 

3. A decrease in the % passing Sieve Size 3, while maintaining the same % passing Sieve 

Size 2, will typically increase the VMA. This action generally involves moving this 

portion of the gradation curve away from the maximum density line.  

4. An increase in the % passing Sieve Size 4 (0.075mm) will typically decrease the VMA 

by an amount that is approximately equivalent to the change in % passing the 0.075 mm 

sieve. 

Note that the combined blend aggregate gradation adjustments described above are 

considered independent of each other. Therefore, an increase in the VMA for one can be 

cancelled out by a decrease in the VMA by another. The user is recommended to evaluate 

changes in all four areas of a proposed combined blend gradation whenever VMA results are 

available for a previous blend (i.e., the initial mix design). 

Figure 126 schematically shows the VMA adjustments for coarse-graded and SMA 

blends. The arrows point in the adjustment direction that leads to an increase in the VMA. 
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Figure 126. Schematic illustration of adjustment directions for coarse-graded and SMA 

blends that lead to an increase in VMA. 

Table 77 presents a summary of the sieve sizes of interest for fine-graded blends with 

various NMAS values.  

Table 77. Control Sieve Sizes for Fine-Graded Blend Adjustment Based on Mixture 

Nominal Maximum Aggregate Size 

Nominal Maximum 

Aggregate Size 

(mm) 

Sieve Size 1: 

PCS 

(mm) 

Sieve Size 2: 

Fine Fraction 

(mm) 

Sieve Size 3: 

Dust Fraction 

(mm) 

37.50 9.50 2.36 0.075 

25.00 4.75 1.18 0.075 

19.00 4.75 1.18 0.075 

12.50 2.36 0.60 0.075 

9.50 2.36 0.60 0.075 

4.75 1.18 0.30 0.075 
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To adjust the VMA in a fine-graded blend: 

1. Adjust Sieve Size 1 (PCS). 

 An increase in the % passing Sieve Size 1 by 6% will increase the VMA by 

approximately 1%, while a decrease in the % passing Sieve Size 1 by 6% will 

decrease the VMA by approximately 1 percent. Note that the PCS change is in the 

opposite direction from that of the coarse-graded and SMA mixes. 

2. Adjust Sieve Size 2 while maintaining the same % passing Sieve Size 1. 

 Type 1: If the plots for the % passing sieve sizes between Sieve Size 1 and Sieve Size 

3 are relatively parallel to the maximum density line or intersect the maximum 

density line, then a decrease in the % passing Sieve Size 2 will typically increase the 

VMA. 

 Type 2: If the plot for the % passing sieve sizes between Sieve Size 1 and Sieve Size 

3 has a ‘hump’ relative to the maximum density line, then an increase in the % 

passing Sieve Size 2 will typically increase the VMA.  

3. An increase in the % passing Sieve Size 3 (0.075 mm) will typically decrease the VMA 

by an amount that is approximately equivalent to the change in the % passing the 0.075 

mm sieve. 

Note that the combined blend aggregate gradation adjustments described above are 

considered independent of each other. Therefore, an increase in the VMA for one can be 

cancelled out by a decrease in the VMA by another. The user is recommended to evaluate 

changes in all three areas of a proposed combined blend gradation whenever the VMA results are 

available for a previous blend (i.e., the initial mix design). 
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Figure 127 schematically illustrates the VMA adjustments for fine-graded blends. The 

arrows point in the adjustment direction that leads to an increase in the VMA. 
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Figure 127. Schematic illustrations of the adjustment direction that leads to an increase in 

VMA for (a) first type of fine-graded blends and (b) second type of fine-graded blends. 

The VMA adjustment suggestions are based on a change in gradation. Changes in the 

aggregate particle strength, texture, and shape also will impact the VMA. An increase in particle 

strength typically increases the VMA. Particles with more micro-texture tend to have greater 

internal friction and thus are more difficult to compact, hence increasing the VMA. Round 

particles pack the most easily; cubical particles pack less easily, and flat and/or elongated 

particles are more difficult to pack, but each shape has a corresponding impact on the VMA. 

Note, too, that particle shape and strength are interrelated. The degree of sensitivity to changes in 

each of these three characteristics is increased when the corresponding adjustment is made to the 

portion of the blend that controls the overall aggregate structure (i.e., fine for fine-graded and 

coarse for coarse-graded). Each change can enhance or counteract the VMA adjustment due to 

gradation changes.  

Also note that producing a gradation with adjustments made for all sieve sizes to achieve 

a single direction of change in the VMA is seldom possible, especially when two control sieve 

sizes are adjacent to each other and a decrease in the % passing in one would also cause a 

decrease in the % passing of the other, but the effects on the VMA from each are the opposite.  

Figure 128 shows an example of a coarse-graded 9.5-mm blend. Gradation 2 was 

developed by adjusting Gradation 1. The figure shows the direction of change for each of the 

control sieve sizes as well as the effects on the VMA. The red boxes indicate that the direction of 

change would cause a decrease in the VMA, and the green boxes indicate that the direction of 

change would be expected to increase the VMA. Both changes of Sieve Sizes 1 (4.75 mm) and 4 

(0.075 mm) cause a decrease in the VMA, whereas the changes of Sieve Sizes 2 (PCS, 2.36 mm) 

and 3 (0.60 mm) cause an increase in the VMA. Although these two trends are contradictory, 
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changing the % passing of all the control sieve sizes to achieve a single direction change in 

VMA is not always possible. In this case, the decrease in the VMA that occurred due to changes 

to the % passing of Sieve Sizes 1 and 4 overwhelms the increase in VMA introduced by Sieve 

Sizes 2 and 3. The VMA of Gradation 1 is 18.3%, measured at an asphalt content of 5.5% and 

resulting in an air void content of 8.7 percent. The VMA of Gradation 2 is 16.1%, measured at an 

asphalt content of 5.5% and resulting in an air void content of 6.3 percent. The difference in 

VMA between the two gradations is 2.2 percent. 

 

Figure 128. Example gradation adjustment for a coarse-graded 9.5-mm blend. 

Figure 129 shows an example of a fine-graded 9.5-mm blend. Gradation 2 was developed 

by adjusting Gradation 1. The figure shows the direction of change for each of the control sieve 

sizes as well as the effects on the VMA. The red boxes indicate that the direction of change is 

expected to decrease the VMA, and the green boxes indicate that the direction of change is 

12.59.54.752.361.180.6.3.15.075

0

10

20

30

40

50

60

70

80

90

100

P
e
rc

e
n

t 
P

a
s
s
in

g

Sieve Size, mm, Raised to 0.45 Power

Gradation 1 Gradation 2

NMAS 9.5 mm

Si
ev

e 
Si

ze
 1

Si
ev

e 
Si

ze
 2

Si
ev

e 
Si

ze
 3

Si
ev

e 
Si

ze
 4

↑ VMA 

↑ VMA 

↓ VMA 

↓ VMA 



 

444 

expected to increase the VMA. Both changes of Sieve Sizes 2 (0.60 mm) and 3 (0.075 mm) 

cause an increase in the VMA, whereas the change of Sieve Size 1 (PCS, 2.36 mm) causes a 

decrease in the VMA. In this case, the decrease in VMA that was brought about by the change to 

the % passing of Sieve Size 1 overwhelms the increase in VMA introduced by the respective 

change to the % passing of Sieve Sizes 2 and 3. The VMA of Gradation 1 is 17.8%, measured at 

an asphalt content of 5.8% and resulting in an air void content of 5.6 percent. The VMA of 

Gradation 2 is 15.3%, measured at an asphalt content of 5.8% and resulting in an air void content 

of 3.5 percent. The difference in VMA between the two gradations is 2.5 percent. 

 

Figure 129. Example gradation adjustment for a fine-graded 9.5-mm blend.  
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APPENDIX G Statistical Analysis Procedure 

There are two methodologies for the statistical analysis considered in this work. The 

methodology of the statistical analysis for dynamic modulus test parameters follows the 

flowchart in Figure 130. The methodology of the statistical analysis for cyclic fatigue and stress 

sweep rutting test parameters follows the flowchart in Figure 131. Both of these methodologies 

are taken from the literature (Williams 2021) 

From dynamic modulus testing, the dynamic modulus and phase angle were identified 

and examined on a temperature and frequency basis. The temperature and frequency 

combinations are: 4°C-10 Hz, 4°C-1 Hz, 4°C-0.1 Hz, 20°C-10 Hz, 20°C-1 Hz, 20°C-0.1 Hz, 

40°C-10 Hz, 40°C-1 Hz, and 40°C-0.1 Hz. From cyclic fatigue testing, the properties included 

pseudo stiffness (C), DR, number of cycles to failure (Nf), representative damage (Sapp), and 

fingerprint modulus (FP). From the stress sweep rutting testing, the properties included RSI 

values.  

For the dynamic modulus test parameters, the first step of the statistical analysis process 

was to develop a Q-Q plot and perform the Shapiro-Wilk Test to potentially flag problematic 

data in terms of the normality assumption when drawing conclusions. For this statistical analysis, 

there was a limit to what could be done because of the extremely small sample sizes. Although 

the Shapiro-Wilk test has limited statistical power to reject if the data is normally distributed, it 

was used as a guidance to flag potentially problematic data. If the data were flagged as non-

normal, a decision would be made whether or not to transform the entirety of the data to meet the 

normality assumption based on the totality of results across all temperatures and frequencies. 

Some methods of transformation include exponential, inverse, Boxcox, and flipping data. Even if 



 

446 

the transformation were not done, the data would be assumed to be normally distributed 

nonetheless.  

Less-than-ideal sample sizes can lead to low statistical power for identifying significant 

differences within the data. Therefore, the data was analyzed parametrically, as the low statistical 

power of small sample sizes would be compounded by nonparametric tests. The next step of this 

analysis was to run the Levene and Bartlett tests to check for unequal variances. Both tests were 

performed because the Levene test is less sensitive to data that defers from the normal 

distribution, but for normally distributed data, Barlett’s test has performance that is more robust.  

If the equal variances condition is met, then an analysis of variance (ANOVA) test was 

performed to determine if there were significant differences in the means.  With the presence of 

significant differences, Tukey-Kramer HSD was used to determine which means are statistically 

different. 

If the equal variances condition is not met, then a Welch’s ANOVA test was to be 

performed to determine if there were significant differences in the means. With the presence of 

significant differences, the Games-Howell test was used to determine which means are 

statistically different. The Welch’s ANOVA and Games-Howell tests are the unequal variance 

equivalent to ANOVA and Tukey-Kramer HSD. 

Just as with the dynamic modulus parameters, the cyclic fatigue and SSR parameters 

have extremely small sample sizes. In fact, the sample sizes for these parameters are smaller than 

the dynamic modulus parameter sample sizes. For this data, there is no need to try and transform 

the data to better meet the normality assumption, thus the normality of data is assumed from the 

beginning of the analysis. For cyclic fatigue and SSR test parameters, the first step of the 

statistical analysis process was to develop a Q-Q plot and perform the Shapiro-Wilk Test to 
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potentially flag problematic data when drawing conclusions. The rest of the analysis was the 

same as the dynamic modulus analysis. 

For the statistical analysis of the dynamic modulus results, the modulus values from each 

temperature and frequency combination are compared. For example, for 4°C-10 Hz, three 

specimens were tested for each of the mixtures. Therefore, there are three dynamic modulus 

values for each mix for this temperature and frequency combination. The three values for each 

mix are grouped together and compared against each other to see if there is a significant 

difference. For the dynamic modulus and phase angle, for a given test temperature, if two of the 

three temperature – frequency combinations were different, then the mixtures were assumed 

different. 

For the cyclic fatigue tests, three specimens were used to conduct the tests for each mix; 

therefore, the three specimens for each mix were grouped together and compared against each 

other. The two S values chosen for the statistical analysis are 20,000 and either 150,000 or 

200,00. These values were chosen based on the length of the damage curves. The C values that 

correspond to S values were interpolated from the damage characteristic curves characterized for 

each specimen. 

The statistical analysis for RSI was set up differently than the other comparisons because 

only one RSI value can be obtained for a given mixture. For the statistical analysis, for each 

mixture four different combinations using the factorial combination of low and high temperature 

test results were used to create four additional RSI values. The combinations included the “high” 

high temperature – “high” low temperature, “high” high temperature – “low” low temperature, 

“low” high temperature – “low” low temperature, and “low” high temperature – “high” low 
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temperature. For the delta permanent strain, for a given test temperature, if two of the three 

loading blocks were different, then the mixtures were assumed different. 

 

Figure 130. Statistical analysis procedure for dynamic modulus test parameters (Williams 

2021). 
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Figure 131. Statistical analysis procedure for cyclic fatigue and stress sweep rutting 

parameters (Williams 2021).  



 

450 

APPENDIX H PREDICTION OF CHANGES IN MIXTURE MODULUS USING TIME-

AGING SUPERPOSITION 

For this investigation, shifting was conducted in the storage modulus (Eʹ) domain rather 

than in the |E*| domain. As mentioned previously, Chehab (2002) found that the time-

temperature superposition application in the |E*| domain leads to poor isotherm alignment in the 

phase angle domain. In contrast, when the time-temperature shift (tTS) factors were determined 

in the E′ domain, they found that both |E*| and phase angle isotherms align to form smooth 

mastercurves.  

If the time-aging superposition is applicable, the end result is one mastercurve, 

henceforth called an aging mastercurve, representing the horizontally shifted individual 

mastercurves of different aging levels, or alternatively, the horizontally shifted raw data of all 

tested age levels, frequencies, and temperatures of a single mixture. The difference between 

these two shifts (i.e., of the mastercurves or of the raw data) is the tTS factor functions for each 

age level. If the raw data is shifted, one tTS factor function is assumed for all age levels of that 

mixture, which could be inaccurate. If the mastercurves are shifted, different tTS factor functions 

are obtained for each individual age level when constructing these mastercurves ahead of 

shifting. Figure 132 shows shifting the raw data of the NCAT mixture as delineated based on age 

level on one hand, and on temperatures on the other hand, while setting STA condition as the 

reference age level and 21.1°C as the reference temperature. It is obvious that a mere horizontal 

shift of the raw data was able to create a single mastercurve to describe the modulus change as a 

function of changing frequencies, temperatures, and age levels.  
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Figure 132. Mastercurve construction from STA and LTA raw data: (a) delineated with 

respect to age level, and (b) and delineated with respect to test temperature. 

The horizontal shift factors needed to create the smooth aging mastercurve represent total 

shift factors constituting both tTS factors and time-aging shift (tAS) factors. These total shift 

factors (aTotal) are plotted in Figure 133 in two domains: versus temperature and versus aging 

duration. Since STA is the reference age level and hence the tAS factors are null, the shift factors 

shown in Figure 133 (a) for STA are exclusively the tTS factors. The upward shift shown in 

Figure 133 (a) for the different aging levels is due to the tAS factors. The tTS factors follow the 

commonly-known form of a 2nd order polynomial. As mentioned before, the tTS factors for all 

age levels are assumed constant in this method; this can be shown through the parallelism of the 

functions shown in Figure 133 (a). Figure 133 (b) shows the total shift factors plotted against the 

aging duration for each testing temperature. At the reference temperature of 21.1°C where the 

tTS are null, the shift factors would exclusively be the tAS factors. The shift factors for 20°C 

shown in Figure 133 (b) are fairly close to those at 21.1°C, which is demonstrated by the total 

shift factor equaling almost zero at 0 days (STA). The vertical shift shown for the total shift 

factors of the other temperatures is due to the contribution of the tTS factors. The most 

noteworthy observation from this exercise is perhaps the observed trend that the tAS factors 

assume. The trend can possibly be considered bilinear, but to describe it in terms that were used 
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before to describe the evolution of log |G*| with aging duration, the behavior of tAS factors 

exhibits an initial fast period, or a spurt, followed by a slower period with a constant rate.   

 

Figure 133. The total horizontal shift factors as plotted: (a) versus temperature and 

delineated with respect to age levels, and (b) versus aging duration and delineated with 

respect to test temperatures.  

The observation that the trend of tAS factors with aging duration is similar to that of log 

|G*| with aging duration calls for an attempt to fit the tAS factors with a functional form similar 

to that of Equation (2) in the main text of this dissertation, which is the kinetics model. This 

functional form is shown below in Equation (66).  The advantage of using this form is having 

only one fitting parameter.  
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N  = fitting parameter. 

Fitting Equation (66) and obtaining tAS factors for each aging level requires knowing 

tTS factors beforehand. It was shown that assuming constant tTS factors for all age levels is able 

to yield an aging mastercurve. Thus, the mastercurves at each aging level were constructed using 

tTS factors of the STA condition at a reference temperature of 21.1°C and then shifted to 

coincide with the STA condition mastercurve as shown in Figure 134 by optimizing Equation 

(66) using a nonlinear optimization scheme to obtain material-specific N parameter. This 

optimization was first done using kʹf and kʹc equal to kf and kc of the kinetics model. Then, kʹf and 

kʹc were calibrated using tAS factors obtained from the first optimization, followed by the 

optimization of Equation (66) once again. This process was carried out iteratively for three times 

until constant and universal kʹf and kʹc values were obtained.  

 

Figure 134. E' mastercurve shift to obtain tAS factors shown in: (a) semi-log scale, and (b) 

log-log scale 
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parameters individually. As can be seen in Table 78, however, the ranking of the mixtures using 

N and M is evidently very different. This implies that N cannot be easily obtained from M; the 

lack of any correlation is more evident in plotting N versus M as shown in Figure 135.  

Table 78. Ranking of different mixtures based on N and M 

Mixture ID N Mixture ID M 

ACTRL 0.652 NCAT 0.481 

LWA 0.665 FC12.5D 0.643 

LTX 0.742 RS9.5B-50% 0.682 

LSD 0.767 LSD 0.684 

RS9.5B-0% 0.951 RS9.5B-30% 0.726 

FC12.5D 0.953 ACTRL 0.772 

NCAT 0.960 LTX 0.852 

MnRd 0.980 MnRd 0.856 

RS9.5B-50% 1.038 LWA 0.865 

RS9.5B-30% 1.085 RS9.5B-0% 0.888 

ARC 1.160 ARC 1.075 

 

 

Figure 135. Lack of correlation between the fitting parameters N and M. 
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The |G*| values for this analysis were obtained from the test results of the binders 

extracted and recovered from mixtures prepared at the STA and LTA conditions. Temperature-

frequency sweep test results were used to construct the |G*| mastercurves using the Christensen-

Anderson-Marasteanu (CAM) model. The |G*| mastercurves at different aging levels are shifted 

to coincide with the STA mastercurve in a process similar to that applied for the Eʹ mastercurves 

discussed earlier. Equation (66) is fitted, and now the fitting parameter Nbinder is obtained. Nbinder 

is well-related to N as shown in Figure 136, which implies that if Nbinder is known, N can be 

determined and Eʹ mastercurves can be predicted at any age level.  

 

Figure 136. Correlation between Nbinder and N. 
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the dissertation should be calibrated based on isothermal aging at multiple temperatures for 

multiple mixtures,  while verification entails checking that Equation (66) is capable of predicting 

the tAS for non-isothermal conditions using the universal parameters obtained from the 

calibration. In this analysis, data for these eleven mixtures aged at temperatures other than 95°C 

were not available to conduct the calibration. This, alongside the fact that binder |G*| 

mastercurves at multiple aging durations are required to obtain Nbinder which leads to obtaining N, 

prompts for an investigation of another method that allows predicting tAS at in-service 

conditions with minimal experimental cost.  

The kinetics model was properly calibrated using data gathered at multiple temperatures 

and verified to predict non-isothermal conditions as shown in the original NCHRP 09-54 project. 

The pavement aging model with its refinement presented in the main text of this report is based 

on the kinetics model and was shown to adequately predict the evolution of log |G*| as a 

function of field aging. Therefore, if the evolution of log |G*| can be used to predict tAS, the 

shortcomings mentioned before can be overcome. Hence, this approach is abandoned in favor of 

the approach presented in the main text of the report. 
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APPENDIX I INVESTIGATION OF THE APPLICABILITY OF REVERSE AMAC 

MODEL PREDICTIONS 

The aim of this analysis is to determine whether the STA mixture properties can be 

predicted knowing the LTA mixture properties and binder aging susceptibility parameters. 

I.1. MODULUS PREDICTION 

I.1.1. Background 

The LTA modulus prediction of the AMAC model require as input the following:  

 Mixture dynamic modulus at STA, 

 Binder |G*| at STA, and 

 Binder |G*| at LTA. 

 Either measured or predicted using PAM 

The AMAC model is able to predict the change in mixture modulus through the 

following methodology. Figure 137 is a summary of the inputs and equations required for this 

methodology. 

 Calibrate the sigmoidal/2S2P1D model and time-temperature shift factors at STA. 

 Calculate time-aging shift factor using |G*| at STA and |G*| at LTA. 

 Calculate reduced frequency using time-temperature and time-aging shift factors. 

 Plug reduced frequency into sigmoidal/2S2P1D model to predict |E*|. 

Figure 52 shows the ability of the AMAC model to predict mixture LTA properties from STA 

properties. 
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Figure 137. Equations and inputs involved in the AMAC model predictions of mixture 

modulus. 

 

I.1.2. Material Properties 

This analysis makes use of the RS9.5B 30% RAP mixture properties. Details about the 

original properties of this mixture can be found in Table 20 and Figure 39 through Figure 42. 

Figure 138 below shows the measured mixture STA and LTA (7D and 17D) dynamic modulus 

results and the fitted 2S2P1D model (calibrated for each aging level). Note that the AMAC 

model results presented in Chapter 5 make use of the sigmoidal function. 

 

Figure 138. Measured RS9.5B 30% properties (STA, 7D, and 17D) and the fitted 2S2P1D 

model predictions in log-log and semi-log spaces. 
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I.1.3. AMAC Model Predictions using 2S2P1D 

Figure 139 below shows the measured mixture STA and LTA (7D and 17D) dynamic 

modulus results and the predicted results for 7D and 17D using AMAC. Note that the AMAC 

model results presented in Chapter 5 make use of the sigmoidal function. Here, the use of the 

2S2P1D model is observed to introduce some loss of accuracy in prediction.  

 

Figure 139. Measured RS9.5B 30% properties (STA, 7D, and 17D) and the predicted 

2S2P1D model from AMAC in log-log and semi-log spaces. 

The same data is presented in line-of-equality plots below for 7D (Figure 140) and 17D 

(Figure 141) in both log-log and semi-log scales.  

 

Figure 140. Measured and predicted modulus using 2S2P1D and AMAC model for RS9.5B 

30% at 7D. 
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Figure 141. Measured and predicted modulus using 2S2P1D and AMAC model for RS9.5B 

30% at 17D. 

I.1.4. Reverse AMAC Methodology 

The STA modulus prediction of the AMAC model require as input the following:  

 Mixture dynamic modulus at LTA, 

 Binder |G*| at STA, and 

 Binder |G*| at LTA. 

 Either measured or predicted using PAM 

The AMAC model is able to predict the change in mixture modulus through the 

following methodology. 

 Calibrate the sigmoidal/2S2P1D model and time-temperature shift factors at LTA. 

 Calculate time-aging shift factor using |G*| at STA and |G*| at LTA. 

 Calculate reduced frequency using time-temperature and time-aging shift factors. 

 Plug reduced frequency into sigmoidal/2S2P1D model to predict |E*|. 

The time-aging shift factor function has the general form shown in Equation (67).  
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The values chosen for log |G*| and log |G*|Reference govern whether AMAC or Reverse 

AMAC is used. The following summarizes the workings of this equation:  

 If the difference in log |G*| is > 0, then aA > 1 

 This happens when log |G*|Reference = log |G*|STA (AMAC predictions) 

 If the difference in log |G*| is = 0, then aA = 1 

 This happens when log |G*|Reference = log |G*| (No predictions) 

 If the difference in log |G*| is < 0, then 0 ≤ aA < 1 

 This happens when log |G*|Reference = log |G*|LTA and log |G*| = log |G*|STA  (Reverse 

AMAC predictions) 

Note that for reverse AMAC, the parameter c in Equation (67) is considered a universal value 

equal to 1.71.  

I.1.5. Reverse AMAC Predictions 

Table 79 below summarizes the log |G*| associated with each aging level of RS9.5B 30% 

(STA, 7D, and 17D) as well as the time-aging shift factor (aA) using AMAC and reverse AMAC. 

Note that for reverse AMAC, STA can be predicted considering both 7D and 17D as references. 

Therefore the time-aging shift factors are presented considering both aging levels as references.  

Table 79. Time-Aging Shift Factors Calculated for Reverse AMAC Predictions. 

Aging Duration 

(days) 
log |G*| (kPa) 

aA for AMAC 

(0D is used as 

Reference) 

aA for Reverse 

AMAC 

(7D is used as 

Reference) 

aA for Reverse 

AMAC 

(17D is used as 

Reference) 

0 1.167 1.0 0.053 0.00386 
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7 1.914 22.0 1.000 0.07302 

17 2.578 344.6 13.694 1.00000 

 

Figure 142 below shows the measured mixture STA and LTA (7D and 17D) dynamic 

modulus results and the predicted results for STA and 17D considering 7D as reference. The 

same data is presented in line-of-equality plots below for STA (Figure 143) and 17D (Figure 

144) in both log-log and semi-log scales.  

 

Figure 142. Measured RS9.5B 30% properties (STA, 7D, and 17D) and the predicted 

2S2P1D model (STA and 17D) from reverse AMAC (7D reference) in log-log and semi-log 

spaces. 

 

Figure 143. Measured and predicted modulus using 2S2P1D and reverse AMAC model for 

RS9.5B 30% at STA using 7D as reference. 
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Figure 144. Measured and predicted modulus using 2S2P1D and reverse AMAC model for 

RS9.5B 30% at 17D using 7D as reference. 

Figure 145 below shows the measured mixture STA and LTA (7D and 17D) dynamic 

modulus results and the predicted results for STA and 7D considering 17D as reference. The 

same data is presented in line-of-equality plots below for STA (Figure 146) and 7D (Figure 147) 

in both log-log and semi-log scales.  

 

Figure 145. Measured RS9.5B 30% properties (STA, 7D, and 17D) and the predicted 

2S2P1D model (STA and 7D) from reverse AMAC (17D reference) in log-log and semi-log 

spaces. 
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Figure 146. Measured and predicted modulus using 2S2P1D and reverse AMAC model for 

RS9.5B 30% at STA using 17D as reference. 

 

Figure 147. Measured and predicted modulus using 2S2P1D and reverse AMAC model for 

RS9.5B 30% at 7D using 17D as reference. 
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 These findings are based on only 1 mixture. 

I.2. DAMAGE CHARACTERISTIC CURVE PREDICTION 

I.2.1. Background 

The LTA C vs. S prediction of the AMAC model require as input the following:  

 Mixture fatigue properties at STA, 

 Binder |G*| at STA, and 

 Binder |G*| at LTA. 

 Either measured or predicted using PAM 

The AMAC model is able to predict the change in C vs. S through the following 

methodology. Figure 148 is a summary of the inputs and equations required for this 

methodology. 

 Calibrate C11 and C12 at STA. 

 Calculate time-aging shift factor using |G*| at STA and |G*| at LTA. 

 Calculate C using time-aging shift factor, C11, and C12. 

Figure 55 shows the ability of the AMAC model to predict mixture LTA properties from 

STA properties. Note that in the work presented in Chapter 5, the analysis was conducted using 

an older version of FlexMATTM. In that version (modified version V1.0), the test failure criterion 

is defined as |E*|×N instead of the current criterion Stress×N.  
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Figure 148. Equations and inputs involved in the AMAC model predictions of the damage 

characteristic curve. 

I.2.2. Material Properties 

This analysis makes use of the RS9.5B 30% RAP mixture properties. Details about the 

original properties of this mixture can be found in Table 20 and Figure 44. Figure 149 below 

shows the fitted damage characteristic curves for RS9.5B 30% (STA, 2D, 7D, and 17D). Note 

that the analysis of the results shown in Figure 149 are conducted using FlexMATTM V2.1 dated 

to May 1, 2021 (failure criterion used is Stress×N). This is the cause in discrepancies in results 

shown in Figure 149 and Figure 44. 

 

Figure 149. Fitted damage characteristic curves for RS9.5B 30% (STA, 2D, 7D, and 17D). 
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I.2.3. AMAC Model Predictions using Updated FlexMATTM Fatigue Analysis 

Figure 150 below shows the fitted and predicted damage characteristic curves for each 

aging level (2D, 7D, and 17D) of RS9.5B 30% using AMAC.  

 

Figure 150. Fitted and predicted damage characteristic curves for RS9.5B 30% (STA, 2D, 

7D, and 17D) using AMAC. 

I.2.4. Reverse AMAC Methodology  

The STA C vs. S prediction of the AMAC model require as input the following:  

 Mixture fatigue properties at LTA, 

 Binder |G*| at STA, and 

 Binder |G*| at LTA. 

 Either measured or predicted using PAM 

The AMAC model is able to predict the change in C vs. S through the following 

methodology.  

 Calibrate C11 and C12 at LTA. 
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 Calculate C using time-aging shift factor, C11, and C12. 

The time-aging shift factor function for C vs. S prediction has the general form shown in 

Equation (68).  

 * *

Referencelog( ) 0.2025 log | | log | |Aa G G      (68) 

The values chosen for log |G*| and log |G*|Reference govern whether AMAC or Reverse 

AMAC is used. The following summarizes the workings of this equation:  

 If the difference in log |G*| is > 0, then aA > 1 

 This happens when log |G*|Reference = log |G*|STA (AMAC predictions) 

 If the difference in log |G*| is = 0, then aA = 1 

 This happens when log |G*|Reference = log |G*| (No predictions) 

 If the difference in log |G*| is < 0, then 0 ≤ aA < 1 

 This happens when log |G*|Reference = log |G*|LTA and log |G*| = log |G*|STA (Reverse 

AMAC predictions).  

I.2.5. Reverse AMAC Predictions 

Table 80 below summarizes the log |G*| associated with each aging level of RS9.5B 30% 

(STA, 2D, 7D, and 17D) as well as the time-aging shift factor (aA) using AMAC and reverse 

AMAC. Note that for reverse AMAC, STA can be predicted considering 2D, 7D and 17D as 

references. Therefore the time-aging shift factors are presented considering all aging levels as 

references.  
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Table 80. Time-Aging Shift Factors Calculated for Reverse AMAC Predictions. 

Aging 

Duration 

(days) 

log |G*| 

(kPa) 

aa for 

AMAC 

(0D is used 

as 

Reference) 

aa for 

Reverse 

AMAC 

(2D is used 

as 

Reference) 

aa for 

Reverse 

AMAC 

(7D is used 

as 

Reference) 

aa for 

Reverse 

AMAC 

(17D is used 

as 

Reference) 

0 1.167 1.00 0.84 0.71 0.52 

2 1.547 1.19 1.00 0.84 0.62 

7 1.914 1.42 1.19 1.00 0.73 

17 2.578 1.93 1.62 1.36 1.00 

 

Figure 151 shows the fitted and predicted damage characteristic curves for each aging 

level (STA, 7D, and 17D) of RS9.5B 30% using reverse AMAC (2D is used as reference). 

Figure 152 shows the fitted and predicted damage characteristic curves for each aging level 

(STA, 2D, and 17D) of RS9.5B 30% using reverse AMAC (7D is used as reference). Figure 153 

shows the fitted and predicted damage characteristic curves for each aging level (STA, 2D, and 

7D) of RS9.5B 30% using reverse AMAC (17D is used as reference).  
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Figure 151. Fitted and predicted damage characteristic curves for RS9.5B 30% (STA, 7D, 

and 17D) using reverse AMAC (2D is used as reference). 

 

Figure 152. Fitted and predicted damage characteristic curves for RS9.5B 30% (STA, 2D, 

and 17D) using reverse AMAC (7D is used as reference). 
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Figure 153. Fitted and predicted damage characteristic curves for RS9.5B 30% (STA, 2D, 

and 7D) using reverse AMAC (17D is used as reference). 

 

I.2.6. Preliminary Conclusions 

The following summarizes the conclusions of using reverse AMAC to predict mixture 

STA damage characteristic curve knowing the fatigue properties at LTA.  

 Only 2D properties can reasonably predict the damage characteristic curves of other 

aging levels.  

 Reverse AMAC predictions may not be reliable for damage characteristic curves.  

 These findings are based on only 1 mixture. 

I.3. FAILURE CRITERION, DR, PREDICTION 

I.3.1. Background 

The LTA DR prediction of the AMAC model requires as input the following:  
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 Either measured or predicted using PAM 

The AMAC model is able to predict the change in DR through the following 

methodology. Figure 154 is a summary of the inputs and equations required for this 

methodology. 

 Determine DR at STA. 

 Use equation to predict DR knowing DR at STA, |G*| at STA, and |G*| at LTA. 

 

Figure 154. Equations and inputs involved in the AMAC model predictions of DR. 

Figure 56 shows the ability of AMAC to predict DR. The graph show substantial spread 

around the line of equality signifying that the accuracy of the prediction is low. It is not expected 

that reverse AMAC would yield accurate predictions. 

I.3.2. Material Properties 

This analysis makes use of the RS9.5B 30% RAP mixture properties. Details about the 

original properties of this mixture can be found in Table 20 and Figure 45.  

I.3.3. AMAC Model Predictions of DR 

Figure 155 and Table 81 below show the measured and predicted DR
 values at STA, 2D, 

7D, and 17D.  
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Figure 155. Measured and predicted DR using AMAC in (top) line of equality and (bottom) 

with the change in log |G*|. 

Table 81. Measured and predicted DR using AMAC. 

Aging Duration 

(days) 
log |G*| (kPa) Measured DR 

AMAC 

DR Prediction 

(DR at STA is 

known) 

0 1.167 0.57 - 

2 1.547 0.54 0.552 

7 1.914 0.45 0.464 

17 2.578 0.33 0.308 

I.3.4. Reverse AMAC Methodology 

The STA DR prediction of the AMAC model requires as input the following:  
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 Mixture fatigue properties at LTA, 

 Binder |G*| at STA, and 

 Binder |G*| at LTA. 

 Either measured or predicted using PAM 

The reverse AMAC model is able to predict the DR at STA through the following 

methodology. 

 Determine DR at LTA. 

 Back-calculate DR at STA using the equation knowing DR at LTA, |G*| at STA, and |G*| 

at LTA 

 Use equation to predict DR at other aging levels knowing DR at STA, |G*| at STA, and 

|G*| at LTA. 

Note that DR at STA can be back-calculated using Equation (44) since all the other 

parameters are known.  

I.3.5. Reverse AMAC Predictions 

Table 82 below summarizes the log |G*| associated with each aging level of RS9.5B 30% 

(STA, 2D, 7D, and 17D), the measured DR, as well as the predicted DR. Note that for reverse 

AMAC, STA can be predicted considering 2D, 7D and 17D as references. Therefore, the DR 

predictions are presented considering all aging levels as references.  

Table 82. Measured and Predicted DR using AMAC and Reverse AMAC for All Aging 

Levels. 

Aging 

Duration 

(days) 

log |G*| 

(kPa) 

Measured 

DR 

AMAC 

DR 

Prediction 

(DR at 

STA is 

known) 

Reverse 

AMAC 

DR 

Prediction 

(DR at 2D 

is known) 

Reverse 

AMAC 

DR 
Prediction 

(DR at 7D 

is known) 

Reverse 

AMAC 

DR 
Prediction 

(DR at 17D 

is known) 
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0 1.167 0.57 - 0.556 0.551 0.617 

2 1.547 0.54 0.552 - 0.535 0.599 

7 1.914 0.45 0.464 0.454 - 0.501 

17 2.578 0.33 0.308 0.303 0.301 - 

 

Figure 156 shows the measured and predicted DR values at STA, 7D, and 17D using 

reverse AMAC (2D is known). Figure 157 shows the measured and predicted DR values at STA, 

2D, and 17D using reverse AMAC (7D is known). Figure 158 shows the measured and predicted 

DR values at STA, 2D, and 7D using reverse AMAC (17D is known). 

 

 

Figure 156. Measured and predicted DR using reverse AMAC (2D is known) in (left) with 

the change in log |G*| and (right) line of equality for RS9.5B 30% (STA, 7D, and 17D). 
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Figure 157. Measured and predicted DR using reverse AMAC (7D is known) in (left) with 

the change in log |G*| and (right) line of equality for RS9.5B 30% (STA, 2D, and 17D). 

 

Figure 158. Measured and predicted DR using reverse AMAC (17D is known) in (left) with 

the change in log |G*| and (right) line of equality for RS9.5B 30% (STA, 2D, and 7D). 
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The following summarizes the conclusions of using reverse AMAC to predict mixture 

STA DR knowing the fatigue properties at LTA.  

 17D properties result in higher errors when estimating DR STA, which in turn affects the 

predictions at other age levels. 

 The closer the LTA levels to STA, the better the prediction. 

 These findings are based on only 1 mixture. 
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APPENDIX J MODELING CHANGES IN ASPHALT MIXTURE PROPERTIES WITH 

CHANGES IN RAP CONTENT 

J.1. INTRODUCTION 

Asphalt binder undergoes long-term oxidative aging during its service life. Oxidative 

aging, consequently, increases the asphalt mixture’s stiffness and decreases its cracking 

resistance, which directly impacts the asphalt pavement performance. At the end of their service 

life, aged asphalt pavements are reclaimed and repurposed for use in constructing new asphalt 

pavements.  The effect of either (oxidative aging or the addition of reclaimed asphalt pavement 

(RAP)) on the performance of asphalt mixtures is of interest to the pavement community. 

The NCHRP project 09-54 has proposed a framework by which changes in the asphalt 

mixture linear viscoelastic and fatigue properties can be predicted as a result of changes in the 

asphalt binder properties caused by oxidative aging (Kim et al. 2021).  

The framework relies on the time-aging superposition concept, which for mixture 

modulus, implies that mastercurves of different aging levels coincide when shifted horizontally 

on the log reduced frequency axis. The horizontal shift factor is calculated as a function of the 

change in binder modulus from the reference condition, considered in their research as the short-

term aging (STA) condition. The change in fatigue properties derived from the cyclic fatigue 

test, i.e., the damage characteristic curve and the energy-based failure criterion DR, can also be 

predicted using a similar approach. The damage characteristic curve, which is a function of the 

pseudo stiffness denoted by C (integrity of the specimen) in terms of the damage parameter S 

(amount of fatigue damage in the specimen) can be shifted by rescaling S such that /dC dS  

decreases with increasing age level. The rescaling of S and the decrease of DR with aging can 

both be related to the change in binder modulus. 



 

478 

 In predicting the change in mixture properties, the change in binder modulus can be 

considered a state-variable such that source of change is irrelevant. A lower temperature, a 

higher frequency or aging level can cause a similar change in binder modulus and thus induce a 

single change in mixture property. 

This paper investigates whether the change of mixture linear viscoelastic and fatigue 

properties can be predicted as a result of changes of asphalt binder modulus due to the addition 

of RAP. In other words, the source of change in binder modulus can possibly be expanded to 

include the RAP content as well as the change in temperature, frequency, and age level. 

J.2. METHODOLOGY 

J.2.1. Materials 

Three laboratory-mixed, laboratory-compacted mixtures were evaluated in this study. 

The mixtures were designed in the laboratory in accordance with North Carolina Department of 

Transportation (NCDOT) specifications. The mixtures IDs and their properties (% RAP, RBR, 

NMAS, % AC, and virgin binder PG) are shown in Table 83. The % RAP shown in Table 83 is 

defined as the % RAP by weight of total aggregates. The same source of aggregates and RAP 

were used for all mixtures. The RS9.5B 30% and RS9.5B 50% mixtures were designed with a 

softer binder grade than RS9.5B 0% following NCDOT specifications. All three mixtures were 

designed to match a single gradation. 

Table 83. Identification and properties of selected mixtures 

 

Mixture ID % RAP RBR NMAS % AC Binder Grade 

RS9.5B 0% 0% 0% 9.5 mm 6.6% PG 64-22 

RS9.5B 30% 30% ~23% 9.5 mm 5.8% PG 58-28 

RS9.5B 50% 50% ~40% 9.5 mm 5.2% PG 58-28 
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J.2.2. Sample Preparation Methods 

Mixture Aging 

The mixtures were subjected to STA at 135°C for 4 hours prior to long-term aging. The 

NCHRP 09-54 long-term aging method was followed (Elwardany et al. 2017, Yousefi Rad et al. 

2017). The STA loose mixtures were thinly spread into pans (18”L×13”W ×1”H) and aged in a 

forced air draft oven at 95°C for 17 days. After long-term aging, the materials were taken out of 

the oven and mixed together in order to obtain a uniform mixture, and then the mixture was left 

to cool to room temperature before being reheated again to the compaction temperature and 

compacted. 

Micro-Extraction and Recovery 

To obtain the binder modulus, a sample of each mixture at each aging level was obtained 

and the binder was extracted and recovered before testing using a DSR. Extraction was done 

using a centrifuge, and recovery using a rotary evaporator with a solvent mixture of toluene and 

ethanol (85:15) following the methodology proposed by Farrar et al. (2015) at Western Research 

Institute (WRI). 

Binder Testing 

The binder was tested to obtain the aging index property proposed by NCHRP 09-54, 

which is log |G*| at 64°C, 10 rad/s (Kim et al. 2018). Anton Paar MCR 302 rheometer with 

parallel plate geometry and 1% strain was used without noteworthy deviation from the linear 

viscoelastic range.  

Mixture Testing 

Small specimens were fabricated following AASHTO PP 99 and testing using an AMPT. 

Dynamic modulus testing was conducted following AASHTO TP 132 at 4°C, 20°C, and 40°C at 
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0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz, and 25 Hz. Cyclic fatigue testing was conducted following 

AASHTO TP 133 at 10 Hz and 18°C. Two replicates for dynamic modulus testing and three 

replicates for cyclic fatigue were obtained.  

J.3. RESULTS 

Figure 159 presents the dynamic modulus mastercurves in log-log and semi-log scales.  

The results demonstrate an increase in modulus value with aging, as expected. The RS9.5B 0% 

and 30% mixtures exhibit similar modulus at both STA at 17 days of aging, whereas RS9.5B 

50% mastercurve is slightly higher at both aging levels. 

 

Figure 159. Mastercurves in log-log scale (left) and semi-log scale (right) for three mixtures 

at two aging levels. 

The damage characteristic curves and DR are shown in Figure 160. It shows an upward 

shift of the damage characteristic curves as the aging level increases for all mixtures. Whereas 

aging increases the material’ stiffness such that, for a given S value, the aged material exhibits 

greater stiffness or higher C values, the aged material actually becomes more prone to damage 

(i.e., the damage evolution is faster). This phenomenon can be reflected by higher C values at 

failure, indicating that the material becomes less tolerant to damage compared to the STA 

condition. Again, RS9.5B 0% and 30% have similar damage characteristic curves at STA 
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whereas RS9.5B 50% curve is located higher. At 17 days of aging, all three mixtures exhibit 

similar damage characteristic curves. An indicator of the material’s diminishing toughness with 

age is the DR value, which exhibits a decreasing trend with aging. A higher DR value generally 

indicates better fatigue resistance compared to a lower DR value. RS9.5B 50% mixture has a 

lower DR at both age levels as compared to the other mixtures.  

 

Figure 160. Damage characteristic curves (left) and DR values (right) for three mixtures at 

two aging levels. 

Finally, the binder testing yielded a log |G*| value at 64°C, 10 rad/s of extracted and 

recovered binders from STA mixture of 0.940, 1.167, and 1.462 for RS9.5B 0%, 30%, and 50% 

respectively at STA. The log |G*| values at long-term aging (LTA) for the three mixtures are 

2.751, 2.578, and 2.684 respectively. 

J.4. DISCUSSION AND ANALYSIS 

According to the work presented in this dissertation, the time-aging shift factor obtained 

from Equation (69), which is a function of the change of binder modulus with respect to a 

reference condition, and the time-temperature shift factor from Equation (70) are used to 

calculate a reduced frequency as shown in Equation (71), which if plugged into Equation (72) 

yields the mixture modulus at the combination of age level, temperature, and frequency of 

interest. 
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where  

aA  = time-aging shift factor,  

G*  = binder dynamic shear modulus,  

aT  = time-temperature shift factor,  

c  = slope of the line passing through zero of mixture aT and corresponding 

difference of log |G*|,  

T  = temperature,  

Tref  = reference temperature,  

fr  = reduced frequency,  

f  = frequency, 

|E*|  = dynamic modulus, and 

α1, α2, δ, α, β, γ  = fitting parameters. 

The goal of this investigation is to check whether a shift factor based on the change in 

binder modulus can be utilized to predict the change in the mixture modulus with a certain RAP 

content. For a first trial, RS9.5B 30% STA and RS9.5B 50% STA are considered. Both mixtures 

have the same aggregate and RAP source, gradation, and virgin binder grade. The difference in 

log |G*| between RS9.5B 30% and 50% is 0.294. As shown in Figure 161, a good collapse 
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between the mastercurves of the two mixtures can be achieved with an optimized c value of 3.1, 

indicating that the modulus of a mixture containing 50% RAP can be predicted by shifting the 

mastercurve of a mixture with 30% RAP, or vice versa. 

 

Figure 161. Mastercurves at STA in both semi-log and log-log scales before shifting (left) 

and after shifting (right). 
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adding low to moderate RAP quantities is directly evident through the increase in binder 

modulus, but might not be similarly manifested in the mixture modulus, especially with the use 

of a softer virgin binder grade. Hence, this approach is useful in predicting the change in mixture 

modulus caused by the addition of RAP when the same virgin binder grade is used, or when a 

softer virgin binder is used and high RAP content is added. However, the same c value cannot be 

generalized.  

Figure 162 shows that a good collapse can be achieved between the 17D mastercurves of 

both RS9.5B 30% and 50% and the STA mastercurve of RS9.5B 0% using a c value of 1.55, 

which is the value reported by NCHRP project 09-54 for RS9.5B 0%. This indicates that the 

mastercurve of a mixture at STA can be used to predict the mastercurves of similar mixtures with 

different RAP contents at STA and LTA with softer virgin binder grade by knowing only the 

difference in binder modulus. 
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Figure 162. Mastercurves of RS9.5B 30% and 50% at LTA in both semi-log and log-log 

scales before shifting (left) and after shifting to collapse with mastercurve of RS9.5B 0% at 

STA (right). 

The NCHRP project 09-54 proposed the use of Equations (73), (74), and (75) to predict 

the change of the damage characteristic curves with aging. The difference in binder modulus can 

be used to calculate a scaling factor for S as shown in Equations (73) and (74), which if plugged 

into Equation (75), yields C at the aging duration of interest. 

, ,10 / , ,10 /log( ) 0.2025 (log | * | log | * | )A LTA Tref rad s STA Tref rad sa G G     (73) 

/r AS S a    (74) 

12

111 ( )
C

rC C S     (75) 

where 

aA  = scaling factor,  

S  = damage parameter,  

C  = pseudo stiffness, and 
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C11, C12  = fitting parameters.  

To calculate the scaling factor from the difference in binder modulus between RS9.5B 

50% and RS9.5B 30%, it can be shown in Figure 163 that relatively good collapse can be 

achieved using the given regression parameter in Equation (73). This indicates that damage 

characteristic curves of mixtures containing 30% and 50% RAP with a softer virgin binder can 

be predicted knowing the 0% RAP mixture damage characteristic curve and the binder modulus. 

 

Figure 163. Damage characteristic curves at STA before shifting (left) and after shifting 

(right). 

Figure 164 shows that a good collapse can be achieved between the 17D damage 

characteristic curves of both RS9.5B 30% and 50% and the STA curve of RS9.5B 0%. This 

indicates that a curve of a mixture at STA can be used to predict the curves of similar mixtures 

containing different RAP contents at STA and LTA using only the difference in binder modulus.  
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Figure 164. Damage characteristic curves of RS9.5B 30% and 50% at 17D before shifting 

(left) and after shifting (right). 

The initial functional form used to predict the change in DR is shown in Equation (76). 

Note that this functional form is outdated. Future predictions of DR should be based on Equation 

(44).  

, ,10 / , ,10 /0.3023 (log | * | log | * | )
R R

LTA STA
LTA Tref rad s STA Tref rad sR

STA

D D
G G

D


      (76) 

The DR at STA of RS9.5B 30% and 50% can be predicted from the DR of RS9.5B 0% at 

STA using the difference in binder modulus. Similarly, the DR of RS9.5B 30% and 50% at 17D 

can be predicted from the DR of RS9.5B 0% at STA. The results can be shown in Figure 165. 
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Figure 165. Measured and predicted DR for STA and LTA. 

 

It is clear that DR is not predicted with good accuracy, especially for RS9.5B 50%. The 

results of NCHRP project 09-54 found that the change in DR is not well correlated with the 

change in binder modulus. So, it is not surprising that a change in binder modulus to increasing 

RAP content will also not yield good predictions. Future predictions of DR should using Equation 

(44) should be investigated. 

J.5.  CONCLUSIONS 

The conclusions of this study are as follows:  

 The changes in mixture modulus can be predicted as a result of changes in binder 

modulus caused by the presence of RAP or due to oxidative aging if similar sources of 

materials and similar gradation are followed. 

 If a softer virgin binder is used, prediction of changes in mixture modulus due to low or 

moderate RAP quantities might not be accurate, since the changes in the binder might not 

reflect the effect of RAP on the mixture modulus.  
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 The change in damage characteristic curves can be predicted as a result of changes in 

binder modulus due to the presence of RAP or due to oxidative aging.  

 The prediction accuracy of the change of DR as a result of the change in binder modulus 

was found to be low. Other means of predicting DR should be investigated in the future.  

More mixtures and RAP contents should be investigated to support the findings of this study.



 

490 

APPENDIX K CHAPTER 3 SUPPLEMENTARY INFORMATION 

Table 84. General Information for the ALF, MIT, and NCAT Field Sections. 

Project ID Section 
Construction 

Date 
Climatic 
Location 

MERRA 
ID 

Latitude Longitude 
Elevation 

(m) 
PG M 

log |G*|0 
at 64°C, 
10 rad/s 

(kPa) 

Notes 
Age 

(Years) 

FHWA-ALF 

Control 2002 Virginia 142436 38.5 -78.125 159 PG 70-22 0.772 1.163 E&R 
8 

11 

SBS-LG 2002 Virginia 142436 38.5 -78.125 159 PG 70-28 0.598 0.892 E&R 8 

CR-TB 2002 Virginia 142436 38.5 -78.125 159 PG 70-28 0.681 1.223 E&R 8 

Terpolymer 2002 Virginia 142436 38.5 -78.125 159 PG 70-28 0.667 0.784 E&R 
8 

11 

MIT 

Control 2010 
North 

Dakota 
153916 48.5 -103.125 731 

Pen 
150/200 

0.870 0.125 
E&R, kinetics 

curve looks weird 
4 

Advera 2010 
North 

Dakota 
153916 48.5 -103.125 731 

Pen 
150/200 

0.682 0.343 E&R 4 

Evotherm  2010 
North 

Dakota 
153916 48.5 -103.125 731 

Pen 
150/200 

0.911 0.301 E&R 4 

15% RAP** 2010 
North 

Dakota 
153916 48.5 -103.125 731 

Pen 
150/200 

0.805 0.874 E&R 4 

50% RAP** 2010 
North 

Dakota 
153916 48.5 -103.125 731 

Pen 
150/200 

0.568 1.783 E&R 4 

NCAT 

(S9) Control 2009 Alabama 135512 32.5 -85.625 103 PG 76-22 0.683 1.000 E&R 4 

(S8) 15% 
RAP 

2009 Alabama 135512 32.5 -85.625 103 PG 76-22 0.437 1.345 E&R 4 

(N10) 50% 
RAP 

2009 Alabama 135512 32.5 -85.625 103 PG 67-22 0.481 2.204 E&R 4 

(S11) 
Evotherm  

2009 Alabama 135512 32.5 -85.625 103 PG 76-22+ 0.603 0.910 E&R 4 

(N11) 50% 
RAP with 

Foam 
2009 Alabama 135512 32.5 -85.625 103 PG 67-22 0.525 2.039 

E&R, kinetics 
curve looks weird 

4 

(S10) Foam 2009 Alabama 135512 32.5 -85.625 103 PG 76-22 0.622 0.935 E&R 4 
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Table 85. General Information for the LTPP and MnROAD Field Sections. 

Project 
ID 

Section 
Construction 

Date 
Climatic 
Location 

MERRA 
ID 

Latitude Longitude 
Elevation 

(m) 
PG M 

log |G*|0 
at 64°C, 
10 rad/s 

(kPa) 

Notes 
Age 

(Years) 

LTPP 

Ohio 1995 Ohio 144732 40.5 -83.125 301 AC-20 0.843 0.805 USAT 11 

California 1999 California 141216 37.5 -120.625 70 
AR-4000 (AR_40 by 

AASHTO Designation) 
0.788 0.704 USAT 

8 

15 

New 
Mexico 

1996 New Mexico 134900 32 -108.125 1454 AC-20 0.525 0.145 E&R 
10 

18 

Texas 1996 Texas 133767 31 -96.25 91 AC-20 0.852 0.529 E&R 
11 

18 

Washington 1995 Washington 151589 47 -119.375 316 
AR-4000 (AR_40 by 

AASHTO Designation) 
0.865 0.578 USAT 

11 

19 

Wisconsin 1997 Wisconsin 149906 45 -89.375 431 - 1.019 0.093 E&R 
8 

17 

South 
Dakota 

1993 
South 

Dakota 
150464 45.5 -100.625 605 Pen 120/150 0.684 0.141 E&R 

14 

21 

MnROAD S31 2004 Minnesota 149900 45 -93.125 298 PG 64-34 0.809 0.529 USAT 13 

Table 86. General Information for the WesTrack Field Sections. 

Project ID Section 
Construction 

Date 

Climatic 

Location 

MERRA 

ID 
Latitude Longitude 

Elevation 

(m) 
PG M 

log |G*|0 

at 64°C, 

10 rad/s 

(kPa) 

Notes 
Age 

(Years) 

WesTrack 

(S4) Fine, Opt. ac%, L AV% (WTFOL) 1995 Nevada 142946 39 -119.375 1740 

PG 
64-22 

0.711 0.878 E&R 

19 

(S2) Fine, Low ac%, M AV% (WTFLM) 1995 Nevada 142946 39 -119.375 1740 19 

(S1) Fine, Opt. ac%, M AV% (WTFOM) 1995 Nevada 142946 39 -119.375 1740 
4 

19 

(S14) Fine, High ac%, M AV% 
(WTFHM) 

1995 Nevada 142946 39 -119.375 1740 19 

(S17) Fine, Opt. ac%, H AV% (WTFOH) 1995 Nevada 142946 39 -119.375 1740 19 

(S18) Fine, High ac%, LAV% (WTFHL) 1995 Nevada 142946 39 -119.375 1740 19 

(S3) Fine, Low ac%, HAV% (WTFLH) 1995 Nevada 142946 39 -119.375 1740 19 

(S39) Coarse, Opt. ac%, L AV% 
(WTCOL) 

1997 Nevada 142946 39 -119.375 1740 
PG 

64-22 
0.878 0.937 E&R 

17 

(S36) Coarse, Opt. ac%, H AV% 
(WTCOH) 

1997 Nevada 142946 39 -119.375 1740 17 
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Table 87. Measured and Smoothened log |G*| of ALF, MIT, NCAT, and LTPP Field Sections. 

  log |G*| at 64°C, 10 rad/s (kPa) 

Project ID Section Section ID Measured Measured & Smoothened 

Depth (cm) 0.55 1.85 3.15 4.45 0.55 1.85 3.15 4.45 

FHWA-ALF 

Control 
ACTRL-8Y 2.646 1.884 1.190 1.355 2.658 1.772 1.418 1.227 

ACTRL-11Y 2.480 1.833 1.646 1.673 2.481 1.817 1.694 1.642 

SBS-LG ASBS-8Y 2.089 1.731 1.435 1.417 2.094 1.695 1.499 1.383 

CR-TB ACRTB-8Y 2.327 1.838 1.648 1.687 2.328 1.817 1.702 1.652 

Terpolymer 
ATerp-8Y 1.623 1.267 1.415 1.328 1.607 1.375 1.334 1.317 

ATerp-11Y 2.451 1.864 2.070 2.162 2.408 2.091 2.035 2.012 

MIT 

Control MWC-4C 0.580 0.424 0.426 0.500 0.570 0.468 0.450 0.442 

Advera MWA-4Y 0.755 0.421 0.409 0.589 0.733 0.511 0.473 0.457 

Evotherm  MWE-4E 0.516 0.933 0.234 0.098 0.660 0.482 0.379 0.313 

15% RAP** M15R-4Y 0.762 0.602 0.785 0.564 0.758 0.665 0.649 0.642 

50% RAP** M50R-4Y 0.435 0.193 0.507 0.352 0.410 0.365 0.358 0.354 

NCAT 

(S9) Control NWC-4Y 1.661 1.539 - 1.427 1.661 1.539 1.471 1.427 

(N10) 50% RAP N50R-4Y 2.267 1.831 1.460 1.817 2.265 1.772 1.686 1.651 

(S11) Evotherm  NWE-4Y 1.582 1.221 1.091 1.062 1.583 1.215 1.106 1.053 

(N11) 50% RAP with Foam N50RF-4Y 2.104 1.934 1.687 2.197 2.083 1.963 1.942 1.933 

(S10) Foam NWF-4Y 1.749 1.374 1.395 1.327 1.743 1.414 1.356 1.332 

LTPP 

Ohio LOH-11Y 1.717 1.468 - - 1.717 1.468 1.405 1.376 

California 
LCA-8Y 1.931 1.744 - 1.360 1.931 1.743 1.590 1.462 

LCA-15Y 2.143 1.966 - - 2.143 1.966 1.880 1.828 

New Mexico 
LNM-10Y 0.996 0.837 0.578 0.670 0.996 0.837 0.738 0.670 

LNM-18Y 1.423 0.969 0.938 0.880 1.420 0.990 0.915 0.884 

Texas LTX-11Y 1.675 1.440 1.464 1.508 1.664 1.498 1.469 1.457 

Washington 
LWA-11Y 1.486 1.384 1.465 1.271 1.486 1.427 1.372 1.321 

LWA-19Y 1.564 1.433 - - 1.564 1.433 1.363 1.319 

Wisconsin 
LWI-8Y 1.190 0.801 0.660 0.662 1.195 0.766 0.691 0.660 

LWI-17Y 1.414 0.889 - - 1.414 0.888 0.785 0.741 

South Dakota LSD-14Y 1.626 1.403 0.943 0.593 1.693 1.205 0.935 0.764 
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Table 88. Measured and Smoothened log |G*| of WesTrack and MnROAD Field Sections. 

  log |G*| at 64°C, 10 rad/s (kPa) 

Project ID Section Section ID Measured Measured & Smoothened 

Depth (cm) 0.55 1.85 3.15 4.45 0.55 1.85 3.15 4.45 

WesTrack 

(S4) Fine, Opt. ac%, L AV% (WTFOL) WTFOL-19Y 2.279 1.954 1.790 1.463 2.289 1.961 1.714 1.523 

(S2) Fine, Low ac%, M AV% (WTFLM) WTFLM-19Y 2.367 1.941 1.749 1.560 2.364 1.956 1.723 1.572 

(S1) Fine, Opt. ac%, M AV% (WTFOM) 
WTFOM-4Y 1.463 - 1.380 - 1.463 1.395 1.380 1.374 

WTFOM-19Y 2.308 1.845 1.456 1.702 2.312 1.773 1.642 1.583 

(S14) Fine, High ac%, M AV% (WTFHM) WTFHM-19Y 2.217 1.718 1.580 1.627 2.215 1.713 1.625 1.589 

(S17) Fine, Opt. ac%, H AV% (WTFOH) WTFOH-19Y 2.293 1.907 1.837 1.732 2.292 1.920 1.806 1.750 

(S18) Fine, High ac%, LAV% (WTFHL) WTFHL-19Y 2.155 1.298 0.796 0.832 2.160 1.241 0.921 0.759 

(S3) Fine, Low ac%, HAV% (WTFLH) WTFLH-19Y 2.320 1.947 1.796 1.716 2.320 1.946 1.796 1.716 

(S39) Coarse, Opt. ac%, L AV% (WTCOL) WTCOL-17Y 2.085 1.344 1.185 1.184 2.084 1.343 1.213 1.159 

(S36) Coarse, Opt. ac%, H AV% (WTCOH) WTCOH-17Y 1.952 1.283 1.324 1.472 1.919 1.438 1.354 1.319 

MnROAD S31 MNS31-13Y 1.751 1.130 0.816 0.620 1.756 1.112 0.813 0.641 
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Table 89. Predicted log |G*| after Calibration for Depths 0 to 2.4 cm. 

Predicted log |G*| at 64°C, 10 rad/s after Calibration Depth (cm) 

Project ID Section ID 

Age 
Parameter at 

Year 10 & 
 0 cm 

Age 
Parameter 

at Year Y &  
0 cm 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 

FHWA-ALF 

ACTRL-8Y 2.607 2.135 2.602 2.413 2.278 2.177 2.098 2.035 1.983 1.940 1.904 1.873 1.846 1.822 1.801 
ACTRL-11Y 2.607 2.867 2.936 2.703 2.537 2.412 2.315 2.237 2.174 2.121 2.076 2.038 2.004 1.975 1.950 

ASBS-8Y 2.607 2.135 2.448 2.228 2.071 1.953 1.861 1.788 1.728 1.678 1.636 1.599 1.568 1.540 1.516 
ACRTB-8Y 2.607 2.135 2.637 2.446 2.310 2.207 2.128 2.064 2.012 1.969 1.932 1.901 1.874 1.850 1.829 
ATerp-8Y 2.607 2.135 2.387 2.164 2.004 1.885 1.792 1.717 1.656 1.606 1.563 1.526 1.494 1.466 1.442 

ATerp-11Y 2.607 2.867 2.759 2.484 2.287 2.140 2.025 1.934 1.859 1.796 1.743 1.698 1.659 1.624 1.594 

MIT 

MWC-4C 0.709 0.270 0.579 0.517 0.473 0.439 0.414 0.393 0.376 0.362 0.350 0.340 0.331 0.324 0.317 
MWA-4Y 0.709 0.270 0.774 0.713 0.669 0.637 0.611 0.591 0.574 0.561 0.549 0.539 0.530 0.522 0.516 
MWE-4E 0.709 0.270 0.736 0.678 0.637 0.606 0.581 0.562 0.546 0.533 0.522 0.512 0.504 0.497 0.490 
M15R-4Y 0.709 0.270 1.250 1.200 1.164 1.138 1.117 1.100 1.087 1.075 1.066 1.057 1.050 1.044 1.039 
M50R-4Y 0.709 0.270 2.065 2.027 2.000 1.980 1.964 1.951 1.941 1.932 1.925 1.919 1.913 1.909 1.904 

NCAT 

NWC-4Y 5.298 2.326 1.995 1.859 1.762 1.689 1.632 1.587 1.549 1.518 1.492 1.470 1.450 1.433 1.418 
N15R-4Y 5.298 2.326 2.242 2.112 2.018 1.949 1.894 1.851 1.815 1.785 1.760 1.739 1.720 1.704 1.689 
N50R-4Y 5.298 2.326 2.857 2.770 2.707 2.660 2.623 2.594 2.570 2.550 2.533 2.518 2.506 2.495 2.485 
NWE-4Y 5.298 2.326 1.931 1.787 1.684 1.607 1.547 1.499 1.459 1.427 1.399 1.375 1.355 1.337 1.321 

N50RF-4Y 5.298 2.326 2.739 2.645 2.578 2.528 2.489 2.458 2.432 2.411 2.393 2.377 2.364 2.352 2.342 
NWF-4Y 5.298 2.326 1.949 1.807 1.706 1.630 1.571 1.523 1.485 1.452 1.425 1.402 1.381 1.364 1.348 

LTPP 

LOH-11Y 1.059 1.178 2.125 1.951 1.826 1.733 1.661 1.603 1.555 1.516 1.482 1.453 1.429 1.407 1.388 
LCA-8Y 2.608 2.120 2.333 2.113 1.956 1.838 1.747 1.673 1.614 1.564 1.521 1.485 1.454 1.426 1.402 

LCA-15Y 2.608 3.829 3.120 2.794 2.561 2.387 2.251 2.142 2.053 1.979 1.916 1.863 1.816 1.775 1.739 
LNM-10Y 1.270 1.270 1.735 1.499 1.331 1.205 1.106 1.028 0.964 0.910 0.865 0.826 0.792 0.763 0.737 
LNM-18Y 1.270 2.442 2.682 2.306 2.037 1.836 1.679 1.554 1.451 1.366 1.293 1.231 1.177 1.130 1.089 
LTX-11Y 2.668 2.907 2.640 2.357 2.155 2.004 1.886 1.792 1.715 1.651 1.596 1.550 1.509 1.474 1.443 
LTX-18Y 2.668 4.740 3.346 2.969 2.700 2.498 2.340 2.215 2.112 2.026 1.954 1.891 1.837 1.790 1.749 
LWA-11Y 1.292 1.421 2.135 1.928 1.780 1.669 1.583 1.514 1.458 1.411 1.371 1.337 1.307 1.281 1.258 
LWA-19Y 1.292 2.443 2.856 2.553 2.337 2.175 2.048 1.947 1.865 1.796 1.738 1.688 1.645 1.607 1.573 
LWI-8Y 0.652 0.512 0.930 0.820 0.742 0.683 0.637 0.600 0.570 0.545 0.524 0.506 0.490 0.477 0.465 

LWI-17Y 0.652 1.106 1.703 1.492 1.341 1.228 1.139 1.069 1.011 0.963 0.922 0.888 0.857 0.831 0.808 
LSD-14Y 0.938 1.284 1.843 1.600 1.427 1.296 1.195 1.114 1.048 0.993 0.946 0.906 0.872 0.841 0.814 
LSD-21Y 0.938 1.970 2.461 2.130 1.893 1.716 1.578 1.468 1.378 1.302 1.239 1.184 1.137 1.095 1.059 

WesTrack 

WTFOL-19Y 0.839 1.572 2.551 2.322 2.159 2.036 1.941 1.865 1.803 1.751 1.707 1.669 1.636 1.608 1.582 
WTFLM-19Y 0.839 1.572 2.817 2.564 2.384 2.249 2.143 2.059 1.990 1.933 1.884 1.843 1.807 1.775 1.747 
WTFOM-4Y 0.839 0.311 1.296 1.239 1.198 1.167 1.143 1.124 1.109 1.096 1.085 1.075 1.067 1.060 1.054 
WTFOM-19Y 0.839 1.572 2.551 2.322 2.159 2.036 1.941 1.865 1.803 1.751 1.707 1.669 1.636 1.608 1.582 
WTFHM-19Y 0.839 1.572 2.285 2.080 1.934 1.824 1.739 1.671 1.615 1.568 1.529 1.495 1.466 1.440 1.418 
WTFOH-19Y 0.839 1.572 2.551 2.322 2.159 2.036 1.941 1.865 1.803 1.751 1.707 1.669 1.636 1.608 1.582 
WTFHL-19Y 0.839 1.572 2.285 2.080 1.934 1.824 1.739 1.671 1.615 1.568 1.529 1.495 1.466 1.440 1.418 
WTFLH-19Y 0.839 1.572 2.817 2.564 2.384 2.249 2.143 2.059 1.990 1.933 1.884 1.843 1.807 1.775 1.747 
WTCOL-17Y 0.839 1.416 2.461 2.264 2.124 2.018 1.936 1.871 1.817 1.773 1.735 1.702 1.674 1.650 1.628 
WTCOH-17Y 0.839 1.416 2.461 2.264 2.124 2.018 1.936 1.871 1.817 1.773 1.735 1.702 1.674 1.650 1.628 

MNROAD MNS31-13Y 1.090 1.369 2.116 1.901 1.747 1.632 1.542 1.471 1.412 1.363 1.322 1.286 1.256 1.229 1.205 
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Table 90. Predicted log |G*| after Calibration for Depths 2.6 to 5.0 cm. 

Predicted log |G*| at 64°C, 10 rad/s after Calibration Depth (cm) 

Project ID Section ID 

Age 
Parameter at 

Year 10 & 
 0 cm 

Age 
Parameter 

at Year Y &  
0 cm 

2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 

FHWA-ALF 

ACTRL-8Y 2.607 2.135 1.783 1.766 1.751 1.738 1.726 1.714 1.704 1.695 1.686 1.678 1.670 1.663 1.657 
ACTRL-11Y 2.607 2.867 1.927 1.906 1.888 1.871 1.856 1.842 1.830 1.818 1.807 1.797 1.788 1.779 1.771 

ASBS-8Y 2.607 2.135 1.495 1.475 1.458 1.442 1.428 1.415 1.403 1.392 1.382 1.372 1.364 1.355 1.348 
ACRTB-8Y 2.607 2.135 1.810 1.793 1.778 1.765 1.752 1.741 1.731 1.721 1.712 1.704 1.697 1.689 1.683 
ATerp-8Y 2.607 2.135 1.420 1.400 1.382 1.366 1.352 1.339 1.327 1.315 1.305 1.296 1.287 1.279 1.271 

ATerp-11Y 2.607 2.867 1.567 1.543 1.521 1.502 1.484 1.467 1.452 1.439 1.426 1.414 1.403 1.393 1.384 

MIT 

MWC-4C 0.709 0.270 0.311 0.305 0.300 0.296 0.292 0.288 0.285 0.282 0.279 0.276 0.274 0.272 0.269 
MWA-4Y 0.709 0.270 0.510 0.504 0.500 0.495 0.491 0.488 0.484 0.481 0.478 0.476 0.473 0.471 0.469 
MWE-4E 0.709 0.270 0.485 0.479 0.475 0.471 0.467 0.463 0.460 0.457 0.455 0.452 0.450 0.448 0.446 
M15R-4Y 0.709 0.270 1.034 1.029 1.025 1.022 1.019 1.016 1.013 1.010 1.008 1.006 1.004 1.002 1.000 
M50R-4Y 0.709 0.270 1.901 1.897 1.894 1.892 1.889 1.887 1.885 1.883 1.881 1.880 1.878 1.877 1.875 

NCAT 

NWC-4Y 5.298 2.326 1.405 1.393 1.382 1.372 1.364 1.356 1.348 1.341 1.335 1.329 1.324 1.319 1.314 
N15R-4Y 5.298 2.326 1.676 1.665 1.655 1.645 1.637 1.629 1.622 1.615 1.609 1.604 1.599 1.594 1.589 
N50R-4Y 5.298 2.326 2.476 2.469 2.462 2.455 2.450 2.445 2.440 2.435 2.431 2.428 2.424 2.421 2.418 
NWE-4Y 5.298 2.326 1.307 1.294 1.283 1.272 1.263 1.255 1.247 1.239 1.233 1.227 1.221 1.216 1.211 

N50RF-4Y 5.298 2.326 2.333 2.324 2.317 2.310 2.304 2.299 2.294 2.289 2.284 2.280 2.277 2.273 2.270 
NWF-4Y 5.298 2.326 1.334 1.322 1.310 1.300 1.291 1.283 1.275 1.268 1.261 1.255 1.250 1.244 1.239 

LTPP 

LOH-11Y 1.059 1.178 1.371 1.355 1.342 1.329 1.318 1.307 1.298 1.289 1.281 1.274 1.267 1.260 1.254 
LCA-8Y 2.608 2.120 1.380 1.361 1.344 1.328 1.314 1.301 1.289 1.278 1.268 1.258 1.250 1.241 1.234 

LCA-15Y 2.608 3.829 1.707 1.679 1.653 1.630 1.608 1.589 1.571 1.555 1.540 1.526 1.513 1.501 1.490 
LNM-10Y 1.270 1.270 0.714 0.693 0.674 0.657 0.642 0.628 0.615 0.604 0.593 0.583 0.573 0.565 0.556 
LNM-18Y 1.270 2.442 1.052 1.019 0.989 0.963 0.938 0.916 0.895 0.877 0.859 0.843 0.828 0.814 0.801 
LTX-11Y 2.668 2.907 1.415 1.390 1.368 1.348 1.329 1.313 1.297 1.283 1.270 1.258 1.247 1.236 1.227 
LTX-18Y 2.668 4.740 1.712 1.679 1.649 1.622 1.597 1.575 1.555 1.536 1.518 1.502 1.487 1.473 1.460 
LWA-11Y 1.292 1.421 1.238 1.220 1.204 1.189 1.175 1.163 1.152 1.141 1.132 1.123 1.115 1.107 1.100 
LWA-19Y 1.292 2.443 1.544 1.517 1.493 1.471 1.452 1.434 1.417 1.402 1.388 1.375 1.363 1.352 1.342 
LWI-8Y 0.652 0.512 0.454 0.444 0.435 0.428 0.420 0.414 0.408 0.402 0.397 0.393 0.388 0.384 0.380 

LWI-17Y 0.652 1.106 0.787 0.768 0.752 0.736 0.723 0.710 0.699 0.688 0.678 0.669 0.661 0.653 0.646 
LSD-14Y 0.938 1.284 0.791 0.769 0.750 0.733 0.717 0.703 0.689 0.677 0.666 0.656 0.646 0.637 0.629 
LSD-21Y 0.938 1.970 1.026 0.997 0.971 0.948 0.926 0.907 0.889 0.872 0.857 0.843 0.829 0.817 0.806 

WesTrack 

WTFOL-19Y 0.839 1.572 1.560 1.540 1.522 1.506 1.491 1.477 1.465 1.453 1.443 1.433 1.424 1.415 1.408 
WTFLM-19Y 0.839 1.572 1.723 1.700 1.681 1.663 1.646 1.631 1.617 1.605 1.593 1.582 1.572 1.563 1.554 
WTFOM-4Y 0.839 0.311 1.048 1.043 1.039 1.035 1.031 1.028 1.025 1.022 1.019 1.017 1.014 1.012 1.010 
WTFOM-19Y 0.839 1.572 1.560 1.540 1.522 1.506 1.491 1.477 1.465 1.453 1.443 1.433 1.424 1.415 1.408 
WTFHM-19Y 0.839 1.572 1.397 1.380 1.363 1.349 1.335 1.323 1.312 1.302 1.292 1.284 1.276 1.268 1.261 
WTFOH-19Y 0.839 1.572 1.560 1.540 1.522 1.506 1.491 1.477 1.465 1.453 1.443 1.433 1.424 1.415 1.408 
WTFHL-19Y 0.839 1.572 1.397 1.380 1.363 1.349 1.335 1.323 1.312 1.302 1.292 1.284 1.276 1.268 1.261 
WTFLH-19Y 0.839 1.572 1.723 1.700 1.681 1.663 1.646 1.631 1.617 1.605 1.593 1.582 1.572 1.563 1.554 
WTCOL-17Y 0.839 1.416 1.609 1.591 1.576 1.562 1.549 1.537 1.527 1.517 1.508 1.499 1.492 1.484 1.478 
WTCOH-17Y 0.839 1.416 1.609 1.591 1.576 1.562 1.549 1.537 1.527 1.517 1.508 1.499 1.492 1.484 1.478 

MNROAD MNS31-13Y 1.090 1.369 1.184 1.165 1.148 1.133 1.119 1.106 1.094 1.084 1.074 1.064 1.056 1.048 1.041 



 

496 

Table 91. Measured log |G*| at 64°C, 10 rad/s from Recovered Binder from Aged Loose 

Mixture. 

Project ID Section ID 
Lab Aging 
Duration 

(days) 

log |G*| at 
64°C, 10 

rad/s 
(kPa) 

Project ID Section ID 
Lab Aging 
Duration 

(days) 

log |G*| at 
64°C, 10 

rad/s 
(kPa) 

FHWA-ALF 

ACTRL 

0 1.163 

NCAT 

NWC 

0 1.000 
14 2.428 10 1.864 
18 2.555 14 2.093 
25 2.909 16 2.278 

ASBS 

0 0.892 

N15R 

0 1.345 
8 1.509 4 1.714 

10 1.629 8 1.730 
22 2.149 16 2.247 
28 2.443 

N50R 

0 2.204 

ACRTB 

0 1.223 5 2.618 
14 2.332 11 2.844 
18 2.437 21 3.260 
22 2.674 

NWE 

0 0.910 

Aterp 

0 0.784 4 1.330 
12 1.667 8 1.749 
18 2.035 16 1.976 
25 2.345 

N50RF 
0 2.039 

MIT 

MWA 

0 0.343 16 2.953 
4 0.838 

NWF 

0 0.935 
9 1.094 4 1.437 

16 1.722 8 1.608 

MWE 

0 0.301 16 2.140 
4 0.866 

LTPP 

LNM 

0 0.145 
8 1.416 14 0.898 

16 2.059 18 1.042 

M15R 

0 0.874 22 1.379 
4 1.478 

LTX 

0 0.529 
9 1.778 10 1.664 

16 2.476 14 1.903 

M50R 

0 1.783 18 2.119 
4 2.111 22 2.333 
8 2.489 

LWI 

0 0.093 
16 2.887 18 1.981 

WesTrack 

WT Fine 

0 0.878 22 2.248 
10 1.854 26 2.379 
15 2.049 

LSD 

0 0.141 
24 2.462 10 0.968 

WT Coarse 

0 0.937 14 1.255 
10 2.221 18 1.327 
15 2.489 22 1.717 
20 2.563     

29 3.082     

Note: MIT Control data was found to be problematic (negative log |G*| at STA). Verification of the calculation of M 

was not successful. The MIT Control data was collected in NCHRP 09-54 Phases I and II (report 871). The same M 

value used in that work was adopted here. M value verification of all other sections shown here was conducted 

successfully. 
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Table 92. Measured log |G*| at 64°C, 10 rad/s from USAT Aged Binder. 

Project ID Section ID 
Lab Aging Duration 

(days) 

log |G*| at 64°C, 10 

rad/s (kPa) 

LTPP 

LWA 

0 1.078 

14 2.450 

19 2.782 

22.5 2.896 

27.5 3.272 

LOH 

0 1.305 

14 2.699 

19 2.994 

22.5 3.271 

27.5 3.395 

LCA 

0 1.204 

14 2.668 

19 2.802 

22.5 3.005 

27.5 3.190 

MNROAD MNS31 
0 1.029 

6 1.990 

Note: This data was extracted from NCHRP 09-54 Phases I and II report (report 871). Calculation of M was not 

verified. USAT to loose mixture kinetics conversion has to be conducted to obtain the M value.  
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APPENDIX L CHAPTERS 4 AND 5 SUPPLEMENTARY INFORMATION 

Table 93. RTFO, 20-hr PAV, and 40-hr PAV log |G*| at 64°C, 10 rad/s. 

  log |G*| at 64°C, 10 rad/s (kPa) 

ID RTFO 20-hr PAVa 40-hr PAVa 

ACTRLb 0.895 1.290 1.606 

ASBS 0.754 1.143 1.425 

ACRTB 1.088 1.539 1.803 

LWA 0.548 1.108 1.613 

LSDb 0.149 0.660 0.956 

LTXb 0.555 1.269 1.524 

LNM 0.240 0.627 0.948 

ARCb 0.767 1.238 1.734 

LWIc 0.392 0.926 1.231 

MWCc 0.234 0.754 1.190 

Virgin Binder (PG 58-28) for  

RS9.5B 30% and RS9.5B 50%bc 0.369 0.800 1.267 

Virgin Binder (PG 58-34) for  

MnRd C.21bc 0.369 0.893 1.409 

Virgin Binder (PG 67-22) for 

NCAT N10bc 0.751 1.335 1.641 

Note: a PAV was conducted at 100°C. b These sections were also used in Chapter 6. c These sections were not used 

in Chapters 4 and 5, but RTFO and 20/40-hour PAV data are available and are reported here.  

Table 94. Material-Specific Kinetics Parameters Obtained from RTFO and 40-hr PAV 

Aging. 

ID RTFO log |G*| at 64°C, 10 rad/s (kPa) M (RTFO & 40-hr PAV) 

ACTRL 0.895 0.668 

ASBS 0.754 0.619 

ACRTB 1.088 0.696 

LWA 0.548 0.897 

LSD 0.149 0.646 

LTX 0.555 0.824 

LNM 0.240 0.580 
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Table 95. Predicted log |G*| after Calibration using Material-Specific Kinetics Parameters 

Obtained from RTFO and 40-hour PAV. 

Project ID Section ID 
Predicted log |G*| at 64°C, 10 rad/s after 

Calibration Age Parameter at 

Year 10 & 0 cm 

Age Parameter at 

Year Y & 0 cm 
Depth (cm) 0.55 1.85 3.15 4.45 

FHWA-ALF 

ACTRL-8Y 2.038 1.642 1.494 1.417 2.607 2.135 

ACTRL-11Y 2.297 1.812 1.630 1.535 2.607 2.867 

ASBS-8Y 1.931 1.510 1.353 1.271 2.607 2.135 

ACRTB-8Y 2.179 1.812 1.675 1.604 2.607 2.135 

LTPP 

LWA-11Y 1.702 1.328 1.188 1.115 1.292 1.421 

LWA-19Y 2.229 1.684 1.481 1.374 1.292 2.443 

LSD-14Y 1.344 0.905 0.742 0.656 0.938 1.284 

LTX-11Y 2.099 1.583 1.391 1.290 2.668 2.907 

LNM-10Y 1.340 0.929 0.775 0.695 1.270 1.270 

LNM-18Y 1.985 1.333 1.090 0.962 1.270 2.442 
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Table 96. General Information for Materials Used in Chapter 4. 

Binder 
Source 

Project 
ID 

Section 
RAP 

Content 
(%) 

Virgin Binder 
PG 

M 
log |G*|0 at 64°C, 

10 rad/s (kPa) 

High 
Temperature 

PG 

Virgin 
Binder 

FHWA-
ALF 

Control 0 PG 70-22 0.772 1.163 70 

SBS-LG 0 PG 70-28 0.598 0.892 70 

CR-TB 0 PG 70-28 0.681 1.223 70 

Terpolymer 0 PG 70-28 0.667 0.784 70 

NCAT 

(S9) Control 0 PG 76-22 0.683 1.000 76 

(N10) 50% RAP 0 PG 67-22 0.879 0.851 64 

(S11) Evotherm  0 PG 76-22+ 0.603 0.910 76 

(S10) Foam 0 PG 76-22 0.622 0.935 76 

WesTrack 
WT Coarse 0 PG 64-22 0.711 0.878 64 

WT Fine 0 PG 64-22 0.878 0.937 64 

MnROAD 
C.31 0 PG 64-34 0.809 0.529 64 

C.21 0 PG 58-34 0.862 0.529 58 

ARC  BI0001 0 PG 67-22 1.075 1.123 64 

North 
Carolina 

S9.5B 0 PG 64-22 0.912 0.920 64 

RS9.5B 30% 
RAP & 50% 

RAP 
0 PG 58-28 0.799 0.638 58 

RS9.5B 0% RAP 0 PG 64-22 0.888 0.940 64 

Georgia 
1 0 PG 64-22 0.885 0.696 64 

2 0 PG 76-22 0.721 0.853 76 

RAP 
Binder 

NCAT (N10) 50% RAP 100 
S1: PG 98.2-6.8 ; 

S2: 96.8-9.7 
0.251 3.520 94 

MnROAD C.21 100 PG 86.5-19.8 0.574 1.760 82 

North 
Carolina 

RS9.5B 30% 
RAP & 50% 

RAP 
100 PG 86.8-18.8 0.557 1.642 82 

Loose 
Mixture 

NCAT 

(S8) 15% RAP 15 PG 76-22 0.437 1.345 82 

(N10) 50% RAP 50 PG 67-22 0.481 2.204 82 

(N11) 50% RAP 
with Foam 

50 PG 67-22 0.341 2.039 82 

MnROAD C.21 20 PG 58-34 0.856 0.690 64 

North 
Carolina 

RS9.5B 30% 30 PG 58-28 0.726 1.167 64 

RS9.5B 50% 50 PG 58-28 0.682 1.460 70 

Florida FC12.5D 20 
PG 76-22 w 

Antistrip 
0.643 1.512 76 
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APPENDIX M CHAPTER 6 SUPPLEMENTARY INFORMATION 

Table 97. Model Coefficients for Mixtures RS9.5B 0%, RS9.5B 30%, RS9.5B 50%, ACTRL, and ARC.  

Mixture ID 
Laboratory 

Aging 
Duration 

Max E' (kPa) k δ γ a1 a2 a3 Alpha C11 C12 Regression DR Sapp 

RS9.5B 0% 

STA 2.22E+07 4.447 -0.988 -0.526 0.0010 -0.1752 3.2694 3.66 2.444E-03 0.4639 0.566 21.59 

4D 2.22E+07 4.447 -1.474 -0.463 0.0009 -0.1821 3.4291 4.01 1.290E-03 0.4967 0.512 19.48 

7D 2.22E+07 4.447 -1.664 -0.451 0.0006 -0.1729 3.3630 4.09 9.508E-04 0.5149 0.521 17.63 

17D 2.22E+07 4.447 -2.299 -0.390 0.0006 -0.1870 3.6982 4.58 3.158E-04 0.5884 0.357 8.29 

RS9.5B 30% 

STA 2.26E+07 4.572 -0.871 -0.518 0.0009 -0.1653 3.1012 3.80 2.206E-03 0.4708 0.553 21.42 

2D 2.26E+07 4.572 -1.172 -0.500 0.0009 -0.1685 3.1641 3.90 1.334E-03 0.5043 0.501 17.88 

4D 2.26E+07 4.572 -1.460 -0.484 0.0008 -0.1731 3.3015 4.01 9.517E-04 0.5207 0.492 16.03 

7D 2.26E+07 4.572 -1.676 -0.467 0.0008 -0.1755 3.3650 4.10 7.391E-04 0.5333 0.404 12.99 

17D 2.26E+07 4.572 -2.153 -0.443 0.0001 -0.1445 2.9928 4.29 2.818E-04 0.6049 0.338 6.79 

RS9.5B 50% 

STA 2.27E+07 4.630 -1.335 -0.499 0.0007 -0.1639 3.1490 3.97 9.569E-04 0.5280 0.432 11.87 

4D 2.27E+07 4.630 -1.786 -0.487 0.0007 -0.1738 3.3567 4.04 6.230E-04 0.5470 0.373 10.62 

7D 2.27E+07 4.630 -2.093 -0.474 0.0004 -0.1593 3.1825 4.12 2.716E-04 0.6105 0.260 5.54 

17D 2.27E+07 4.630 -2.681 -0.467 0.0005 -0.1702 3.3695 4.17 1.301E-04 0.6602 0.197 3.31 

ACTRL 

STA 2.26E+07 3.647 -1.375 -0.603 0.0011 -0.1680 3.0723 2.80 2.807E-03 0.4694 0.360 7.82 

4D 2.26E+07 3.647 -1.771 -0.531 0.0008 -0.1653 3.1240 3.04 9.599E-04 0.5477 0.368 9.78 

8D 2.26E+07 3.647 -1.900 -0.494 0.0008 -0.1690 3.1971 3.21 9.502E-04 0.5362 0.351 10.10 

16D 2.26E+07 3.647 -2.250 -0.450 0.0006 -0.1685 3.2837 3.43 7.353E-04 0.5447 0.361 11.37 

ARC 

STA 2.22E+07 4.584 -0.841 -0.534 0.0011 -0.1772 3.2708 3.74 2.379E-03 0.4635 0.527 21.69 

4D 2.22E+07 4.584 -1.610 -0.485 0.0003 -0.1544 3.1296 4.01 9.457E-04 0.5153 0.472 15.41 

8D 2.22E+07 4.584 -1.856 -0.452 0.0000 -0.1377 2.8848 4.24 4.764E-04 0.5647 0.347 9.13 

16D 2.22E+07 4.584 -2.127 -0.361 0.0005 -0.1757 3.4790 5.05 1.655E-04 0.6426 0.192 2.93 
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Table 98. Model Coefficients for Mixtures FC12.5D, LSD, LTX, LWA, MnRd C.21, and NCAT N10. 

Mixture 
ID 

Laboratory 
Aging 

Duration 
Max E' (kPa) k δ γ a1 a2 a3 Alpha C11 C12 Regression DR Sapp 

FC12.5D 

STA 2.33E+07 3.856 -1.908 -0.431 0.0009 -0.1836 3.4680 3.66 1.302E-03 0.5015 0.477 13.84 

4D 2.33E+07 3.856 -2.336 -0.375 0.0009 -0.1959 3.7322 4.05 6.688E-04 0.5474 0.406 8.38 

7D 2.33E+07 3.856 -2.366 -0.340 0.0005 -0.1689 3.3569 4.35 3.379E-04 0.5943 0.301 4.82 

17D 2.33E+07 3.856 -2.852 -0.361 0.0012 -0.2284 4.2981 4.20 2.415E-04 0.6090 0.182 2.70 

LSD 

STA 2.27E+07 4.191 -0.553 -0.506 0.0002 -0.1287 2.6284 3.54 4.305E-03 0.4445 0.484 14.62 

4D 2.27E+07 4.191 -0.966 -0.451 0.0002 -0.1395 2.8400 3.84 1.780E-03 0.5067 0.403 9.83 

8D 2.27E+07 4.191 -1.186 -0.461 0.0008 -0.1635 3.0770 3.76 1.309E-03 0.5295 0.378 8.46 

LTX 

STA 2.35E+07 1.641 -2.304 -0.510 0.0010 -0.1791 3.3399 2.37 3.031E-03 0.4607 0.494 15.31 

4D 2.35E+07 1.641 -2.596 -0.447 0.0007 -0.1756 3.3817 2.57 2.848E-03 0.4535 0.537 15.89 

8D 2.35E+07 1.641 -2.866 -0.437 0.0004 -0.1637 3.2874 2.60 1.393E-03 0.5014 0.425 13.20 

17D 2.35E+07 1.641 -3.171 -0.411 0.0004 -0.1738 3.4853 2.71 4.702E-04 0.5832 0.315 8.63 

LWA 

STA 2.30E+07 4.014 -0.936 -0.557 0.0006 -0.1487 2.8544 3.17 2.295E-03 0.4863 0.455 13.16 

4D 2.30E+07 4.014 -1.263 -0.517 0.0008 -0.1614 3.0402 3.32 1.479E-03 0.5087 0.356 11.29 

16D 2.30E+07 4.014 -1.823 -0.411 0.0005 -0.1607 3.1763 3.92 2.784E-04 0.6323 0.322 8.19 

MnRd C.21 

STA 2.32E+07 4.692 -0.591 -0.560 0.0009 -0.1584 2.9609 3.72 3.477E-03 0.4486 0.650 21.83 

5D 2.32E+07 4.692 -1.368 -0.472 0.0007 -0.1683 3.2455 4.21 5.820E-04 0.5712 0.413 10.42 

8D 2.32E+07 4.692 -1.551 -0.464 0.0007 -0.1729 3.3503 4.25 5.577E-04 0.5675 0.416 8.99 

16D 2.32E+07 4.692 -1.782 -0.449 0.0003 -0.1507 3.0520 4.37 3.845E-04 0.5967 0.247 4.96 

NCAT N10 

STA 2.30E+07 4.081 -1.858 -0.426 0.0009 -0.1940 3.6848 3.88 7.683E-04 0.5410 0.412 11.33 

5D 2.30E+07 4.081 -2.264 -0.396 0.0004 -0.1543 3.0842 4.10 3.348E-04 0.5992 0.309 6.54 

11D 2.30E+07 4.081 -2.505 -0.396 0.0007 -0.1804 3.5153 4.10 2.492E-04 0.6162 0.269 4.90 

21D 2.30E+07 4.081 -2.732 -0.355 0.0006 -0.1823 3.5670 4.47 2.068E-04 0.6210 0.302 5.77 
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Table 99. Measured Dynamic Modulus Data for RS9.5B 0%. 

RS9.5B 0% RAP 

STA 4D 7D 17D 

Red.Freq. (Hz) 
E* 

(MPa) 
Red.Freq. (Hz) 

E* 
(MPa) 

Red.Freq. (Hz) 
E* 

(MPa) 
Red.Freq. (Hz) 

E* 
(MPa) 

9.59E+03 1.74E+04 1.32E+04 1.99E+04 1.23E+04 2.06E+04 2.37E+04 2.20E+04 

3.84E+03 1.59E+04 5.41E+03 1.86E+04 4.90E+03 1.94E+04 9.49E+03 2.11E+04 

1.92E+03 1.48E+04 2.70E+03 1.76E+04 2.50E+03 1.85E+04 4.74E+03 2.04E+04 

3.91E+02 1.24E+04 5.41E+02 1.54E+04 5.00E+02 1.63E+04 9.49E+02 1.87E+04 

1.99E+02 1.14E+04 2.60E+02 1.44E+04 2.45E+02 1.53E+04 4.55E+02 1.80E+04 

3.84E+01 9.11E+03 5.19E+01 1.22E+04 4.81E+01 1.33E+04 9.10E+01 1.64E+04 

3.47E+01 8.97E+03 3.54E+01 1.16E+04 3.56E+01 1.27E+04 3.79E+01 1.60E+04 

1.39E+01 7.54E+03 1.42E+01 1.02E+04 1.43E+01 1.13E+04 1.52E+01 1.49E+04 

6.94E+00 6.53E+03 7.08E+00 9.14E+03 7.13E+00 1.03E+04 7.58E+00 1.42E+04 

1.43E+00 4.46E+03 1.44E+00 6.96E+03 1.45E+00 8.15E+03 1.57E+00 1.24E+04 

7.28E-01 3.73E+03 7.44E-01 6.12E+03 7.37E-01 7.27E+03 7.58E-01 1.17E+04 

1.39E-01 2.32E+03 1.42E-01 4.40E+03 1.45E-01 5.44E+03 1.52E-01 1.00E+04 

1.53E-01 2.43E+03 1.04E-01 4.08E+03 7.18E-02 4.74E+03 3.11E-02 7.44E+03 

6.12E-02 1.79E+03 4.17E-02 3.24E+03 2.87E-02 3.82E+03 1.24E-02 6.47E+03 

3.06E-02 1.39E+03 2.09E-02 2.71E+03 1.44E-02 3.20E+03 6.22E-03 5.79E+03 

6.19E-03 7.49E+02 4.17E-03 1.68E+03 2.87E-03 2.07E+03 1.29E-03 4.42E+03 

3.10E-03 5.80E+02 2.06E-03 1.38E+03 1.46E-03 1.74E+03 6.22E-04 3.92E+03 

6.12E-04 3.27E+02 4.17E-04 8.25E+02 2.83E-04 1.09E+03 1.24E-04 2.89E+03 

- - - - - - 3.96E-04 4.04E+03 

- - - - - - 1.58E-04 3.32E+03 

- - - - - - 7.92E-05 2.87E+03 

- - - - - - 1.63E-05 1.95E+03 

- - - - - - 8.15E-06 1.67E+03 

- - - - - - 1.58E-06 1.11E+03 

- - - - - - 1.65E-06 1.03E+03 

- - - - - - 6.59E-07 7.55E+02 

- - - - - - 3.29E-07 5.99E+02 

- - - - - - 6.59E-08 4.08E+02 

- - - - - - 3.29E-08 3.37E+02 

- - - - - - 6.59E-09 2.13E+02 
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Table 100. Measured Dynamic Modulus Data for RS9.5B 30%. 

RS9.5B 30% RAP 

STA 2D 4D 7D 17D 

Red.Freq. 
(Hz) 

E* 
(MPa) 

Red.Freq. 
(Hz) 

E* 
(MPa) 

Red.Freq. 
(Hz) 

E* 
(MPa) 

Red.Freq. 
(Hz) 

E* 
(MPa) 

Red.Freq. 
(Hz) 

E* 
(MPa) 

6.98E+03 1.71E+04 8.14E+03 1.86E+04 1.05E+04 2.08E+04 1.18E+04 2.17E+04 6.53E+03 2.29E+04 

2.84E+03 1.55E+04 3.25E+03 1.72E+04 4.19E+03 1.95E+04 4.73E+03 2.04E+04 2.61E+03 2.19E+04 

1.42E+03 1.43E+04 1.63E+03 1.61E+04 2.09E+03 1.84E+04 2.37E+03 1.94E+04 1.33E+03 2.11E+04 

2.84E+02 1.16E+04 3.19E+02 1.37E+04 4.19E+02 1.60E+04 4.73E+02 1.71E+04 2.61E+02 1.92E+04 

1.42E+02 1.05E+04 1.60E+02 1.27E+04 2.13E+02 1.50E+04 2.37E+02 1.62E+04 1.31E+02 1.84E+04 

2.84E+01 8.19E+03 3.19E+01 1.03E+04 4.19E+01 1.26E+04 4.73E+01 1.40E+04 2.61E+01 1.65E+04 

3.37E+01 8.58E+03 3.44E+01 1.03E+04 3.57E+01 1.22E+04 3.54E+01 1.34E+04 3.50E+01 1.61E+04 

1.35E+01 7.13E+03 1.38E+01 8.88E+03 1.43E+01 1.07E+04 1.42E+01 1.20E+04 1.40E+01 1.48E+04 

6.74E+00 6.12E+03 6.99E+00 7.83E+03 7.14E+00 9.65E+03 7.09E+00 1.09E+04 7.00E+00 1.39E+04 

1.35E+00 4.10E+03 1.40E+00 5.65E+03 1.43E+00 7.32E+03 1.39E+00 8.68E+03 1.42E+00 1.18E+04 

6.94E-01 3.42E+03 6.78E-01 4.86E+03 7.03E-01 6.44E+03 7.09E-01 7.78E+03 7.12E-01 1.10E+04 

1.37E-01 2.13E+03 1.38E-01 3.25E+03 1.41E-01 4.60E+03 1.39E-01 5.85E+03 1.40E-01 9.05E+03 

1.85E-01 2.35E+03 1.63E-01 3.42E+03 1.06E-01 4.30E+03 8.61E-02 5.26E+03 6.09E-02 7.63E+03 

7.41E-02 1.73E+03 6.52E-02 2.62E+03 4.24E-02 3.41E+03 3.44E-02 4.27E+03 2.47E-02 6.55E+03 

3.70E-02 1.36E+03 3.26E-02 2.12E+03 2.12E-02 2.83E+03 1.72E-02 3.62E+03 1.24E-02 5.78E+03 

7.41E-03 7.58E+02 6.52E-03 1.23E+03 4.24E-03 1.74E+03 3.44E-03 2.36E+03 2.51E-03 4.21E+03 

3.66E-03 5.93E+02 3.30E-03 9.83E+02 2.09E-03 1.43E+03 1.72E-03 1.98E+03 1.26E-03 3.67E+03 

7.41E-04 3.36E+02 6.52E-04 5.70E+02 4.19E-04 8.53E+02 3.49E-04 1.23E+03 2.47E-04 2.55E+03 
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Table 101. Measured Dynamic Modulus Data for RS9.5B 50%. 

RS9.5B 50% RAP 

STA 4D 7D 17D 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

8.28E+03 1.99E+04 1.18E+04 2.25E+04 8.91E+03 2.41E+04 1.29E+04 2.64E+04 

3.31E+03 1.85E+04 4.71E+03 2.12E+04 3.56E+03 2.28E+04 5.17E+03 2.54E+04 

1.66E+03 1.74E+04 2.45E+03 2.03E+04 1.78E+03 2.19E+04 2.58E+03 2.47E+04 

3.31E+02 1.49E+04 4.89E+02 1.80E+04 3.56E+02 1.97E+04 5.17E+02 2.30E+04 

1.66E+02 1.39E+04 2.45E+02 1.71E+04 1.85E+02 1.88E+04 2.49E+02 2.22E+04 

3.31E+01 1.16E+04 4.89E+01 1.49E+04 3.69E+01 1.66E+04 5.17E+01 2.04E+04 

3.52E+01 1.17E+04 3.61E+01 1.43E+04 3.59E+01 1.65E+04 3.65E+01 1.96E+04 

1.41E+01 1.02E+04 1.44E+01 1.29E+04 1.44E+01 1.51E+04 1.46E+01 1.84E+04 

7.04E+00 9.12E+03 7.22E+00 1.19E+04 7.18E+00 1.41E+04 7.31E+00 1.75E+04 

1.41E+00 6.78E+03 1.44E+00 9.53E+03 1.39E+00 1.16E+04 1.51E+00 1.55E+04 

7.04E-01 5.89E+03 6.98E-01 8.58E+03 6.95E-01 1.06E+04 7.31E-01 1.46E+04 

1.41E-01 4.10E+03 1.44E-01 6.54E+03 1.44E-01 8.46E+03 1.46E-01 1.26E+04 

1.24E-01 4.03E+03 8.07E-02 5.85E+03 6.69E-02 7.39E+03 5.55E-02 1.05E+04 

4.94E-02 3.16E+03 3.23E-02 4.80E+03 2.68E-02 6.22E+03 2.22E-02 9.31E+03 

2.47E-02 2.57E+03 1.61E-02 4.09E+03 1.38E-02 5.42E+03 1.11E-02 8.45E+03 

4.94E-03 1.55E+03 3.23E-03 2.69E+03 2.76E-03 3.79E+03 2.22E-03 6.56E+03 

2.47E-03 1.26E+03 1.57E-03 2.26E+03 1.38E-03 3.24E+03 1.14E-03 5.84E+03 

4.94E-04 7.50E+02 3.23E-04 1.41E+03 2.76E-04 2.15E+03 2.22E-04 4.33E+03 

5.06E-03 1.65E+03 2.48E-03 2.63E+03 1.30E-03 3.49E+03 1.02E-03 6.12E+03 

2.03E-03 1.20E+03 9.90E-04 1.94E+03 5.21E-04 2.68E+03 4.07E-04 5.10E+03 

1.01E-03 9.09E+02 4.95E-04 1.57E+03 2.60E-04 2.23E+03 2.04E-04 4.41E+03 

2.03E-04 5.05E+02 9.90E-05 9.01E+02 5.35E-05 1.34E+03 4.07E-05 3.04E+03 

1.01E-04 4.17E+02 9.68E-06 4.09E+02 2.68E-05 1.10E+03 2.09E-05 2.59E+03 

2.07E-05 2.65E+02 - - 5.35E-06 6.66E+02 4.07E-06 1.69E+03 

- - - - 7.99E-06 8.24E+02 6.44E-06 1.91E+03 

- - - - 3.20E-06 5.72E+02 2.58E-06 1.35E+03 

- - - - 1.60E-06 4.31E+02 1.29E-06 1.03E+03 

- - - - 3.20E-07 2.62E+02 2.63E-07 6.07E+02 

- - - - 1.63E-07 2.07E+02 1.35E-07 4.94E+02 

- - - - 3.20E-08 1.55E+02 2.63E-08 3.03E+02 
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Table 102. Measured Dynamic Modulus Data for ACTRL. 

ACTRL 

STA 4D 8D 16D 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

5.85E+03 2.04E+04 6.46E+03 2.19E+04 7.65E+03 2.22E+04 8.79E+03 2.37E+04 

2.34E+03 1.87E+04 2.59E+03 2.03E+04 3.00E+03 2.08E+04 3.52E+03 2.24E+04 

1.15E+03 1.73E+04 1.29E+03 1.91E+04 1.50E+03 1.96E+04 1.76E+03 2.14E+04 

2.26E+02 1.41E+04 2.59E+02 1.63E+04 2.95E+02 1.70E+04 3.58E+02 1.90E+04 

1.15E+02 1.27E+04 1.29E+02 1.51E+04 1.50E+02 1.59E+04 1.79E+02 1.80E+04 

2.26E+01 9.63E+03 2.59E+01 1.24E+04 3.00E+01 1.33E+04 3.58E+01 1.57E+04 

3.05E+01 1.05E+04 3.09E+01 1.25E+04 3.11E+01 1.32E+04 3.10E+01 1.53E+04 

1.22E+01 8.69E+03 1.24E+01 1.08E+04 1.24E+01 1.16E+04 1.26E+01 1.38E+04 

6.11E+00 7.43E+03 6.18E+00 9.62E+03 6.21E+00 1.05E+04 6.30E+00 1.27E+04 

1.22E+00 4.78E+03 1.24E+00 6.99E+03 1.24E+00 7.91E+03 1.26E+00 1.03E+04 

6.11E-01 3.87E+03 6.18E-01 6.00E+03 6.31E-01 6.91E+03 6.30E-01 9.32E+03 

1.22E-01 2.18E+03 1.24E-01 4.02E+03 1.24E-01 4.87E+03 1.26E-01 7.20E+03 

2.54E-01 2.79E+03 1.45E-01 4.09E+03 1.28E-01 4.80E+03 7.00E-02 6.33E+03 

1.01E-01 1.94E+03 5.81E-02 3.12E+03 5.10E-02 3.76E+03 2.84E-02 5.20E+03 

5.17E-02 1.45E+03 2.91E-02 2.50E+03 2.58E-02 3.08E+03 1.42E-02 4.44E+03 

1.03E-02 5.76E+02 5.81E-03 1.28E+03 5.16E-03 1.73E+03 2.88E-03 2.86E+03 

5.07E-03 3.88E+02 2.91E-03 9.50E+02 2.58E-03 1.34E+03 1.44E-03 2.39E+03 

1.02E-03 1.71E+02 5.88E-04 4.71E+02 5.16E-04 7.01E+02 2.88E-04 1.44E+03 
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Table 103. Measured Dynamic Modulus Data for ARC. 

ARC 

STA 4D 8D 16D 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

9.86E+03 1.73E+04 8.50E+03 2.15E+04 5.40E+03 2.14E+04 1.58E+04 2.12E+04 

3.94E+03 1.59E+04 3.40E+03 2.02E+04 2.16E+03 2.03E+04 6.33E+03 2.03E+04 

1.97E+03 1.47E+04 1.64E+03 1.91E+04 1.08E+03 1.95E+04 3.17E+03 1.96E+04 

3.94E+02 1.21E+04 3.28E+02 1.67E+04 2.16E+02 1.74E+04 6.33E+02 1.80E+04 

1.97E+02 1.10E+04 1.70E+02 1.57E+04 1.12E+02 1.65E+04 3.17E+02 1.73E+04 

3.94E+01 8.50E+03 3.40E+01 1.34E+04 2.23E+01 1.44E+04 6.33E+01 1.57E+04 

3.62E+01 8.49E+03 3.59E+01 1.28E+04 3.53E+01 1.40E+04 3.70E+01 1.51E+04 

1.45E+01 7.05E+03 1.43E+01 1.13E+04 1.41E+01 1.27E+04 1.48E+01 1.41E+04 

7.24E+00 6.04E+03 7.17E+00 1.02E+04 7.28E+00 1.17E+04 7.40E+00 1.34E+04 

1.45E+00 4.02E+03 1.43E+00 7.84E+03 1.46E+00 9.58E+03 1.53E+00 1.17E+04 

7.02E-01 3.33E+03 7.17E-01 6.92E+03 7.05E-01 8.73E+03 7.67E-01 1.10E+04 

1.40E-01 2.03E+03 1.43E-01 5.03E+03 1.41E-01 6.89E+03 1.48E-01 9.45E+03 

1.79E-01 2.22E+03 6.31E-02 4.55E+03 6.85E-02 5.81E+03 4.53E-02 7.80E+03 

7.17E-02 1.62E+03 2.52E-02 3.62E+03 2.74E-02 4.86E+03 1.81E-02 6.89E+03 

3.59E-02 1.24E+03 1.26E-02 3.02E+03 1.37E-02 4.17E+03 9.07E-03 6.21E+03 

7.17E-03 6.82E+02 2.52E-03 1.89E+03 2.74E-03 2.88E+03 1.81E-03 4.84E+03 

3.59E-03 5.43E+02 1.30E-03 1.57E+03 1.41E-03 2.48E+03 9.35E-04 4.33E+03 

7.33E-04 3.08E+02 2.52E-04 9.77E+02 2.74E-04 1.67E+03 1.81E-04 3.28E+03 

- - 8.33E-04 1.43E+03 7.52E-04 2.19E+03 7.47E-04 4.12E+03 

- - 3.33E-04 1.01E+03 3.01E-04 1.64E+03 2.99E-04 3.43E+03 

- - 1.67E-04 8.02E+02 1.46E-04 1.34E+03 1.49E-04 2.97E+03 

- - 3.33E-05 4.57E+02 2.92E-05 7.97E+02 2.99E-05 2.09E+03 

- - 1.67E-05 3.64E+02 1.46E-05 6.50E+02 1.49E-05 1.82E+03 

- - 3.33E-06 2.26E+02 2.92E-06 3.98E+02 2.91E-06 1.27E+03 

- - - - 2.92E-07 2.22E+02 1.15E-05 1.86E+03 

- - - - - - 4.61E-06 1.45E+03 

- - - - - - 2.30E-06 1.22E+03 

- - - - - - 4.61E-07 8.00E+02 

- - - - - - 2.36E-07 6.83E+02 

- - - - - - 4.61E-08 4.71E+02 
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Table 104. Measured Dynamic Modulus Data for FC12.5D. 

FC12.5D 

STA 4D 7D 17D 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

1.46E+04 2.20E+04 2.35E+04 2.33E+04 1.27E+04 2.33E+04 6.49E+04 2.48E+04 

5.83E+03 2.08E+04 9.39E+03 2.23E+04 5.07E+03 2.24E+04 2.60E+04 2.39E+04 

2.92E+03 1.99E+04 4.69E+03 2.15E+04 2.54E+03 2.17E+04 1.33E+04 2.33E+04 

5.72E+02 1.76E+04 9.39E+02 1.97E+04 5.07E+02 2.00E+04 2.60E+03 2.18E+04 

2.86E+02 1.66E+04 4.69E+02 1.89E+04 2.49E+02 1.92E+04 1.26E+03 2.12E+04 

5.72E+01 1.44E+04 9.18E+01 1.71E+04 4.88E+01 1.75E+04 2.60E+02 1.97E+04 

3.74E+01 1.37E+04 3.88E+01 1.62E+04 3.65E+01 1.66E+04 3.79E+01 1.90E+04 

1.50E+01 1.22E+04 1.55E+01 1.50E+04 1.46E+01 1.55E+04 1.51E+01 1.81E+04 

7.49E+00 1.12E+04 7.76E+00 1.41E+04 7.31E+00 1.46E+04 7.57E+00 1.74E+04 

1.50E+00 8.74E+03 1.52E+00 1.21E+04 1.46E+00 1.27E+04 1.55E+00 1.57E+04 

7.37E-01 7.77E+03 7.48E-01 1.12E+04 7.31E-01 1.19E+04 8.23E-01 1.49E+04 

1.45E-01 5.72E+03 1.50E-01 9.25E+03 1.46E-01 1.00E+04 1.51E-01 1.32E+04 

9.29E-02 5.37E+03 5.30E-02 7.85E+03 5.37E-02 8.45E+03 2.64E-02 1.07E+04 

3.72E-02 4.37E+03 2.12E-02 6.75E+03 2.15E-02 7.35E+03 1.05E-02 9.61E+03 

1.86E-02 3.66E+03 1.06E-02 5.97E+03 1.07E-02 6.57E+03 5.27E-03 8.84E+03 

3.81E-03 2.36E+03 2.12E-03 4.37E+03 2.15E-03 4.95E+03 1.05E-03 7.12E+03 

1.91E-03 1.99E+03 1.06E-03 3.84E+03 1.09E-03 4.38E+03 5.27E-04 6.47E+03 

3.72E-04 1.26E+03 2.12E-04 2.69E+03 2.15E-04 3.17E+03 1.05E-04 5.04E+03 

- - 1.45E-03 4.19E+03 9.29E-04 4.60E+03 5.74E-04 6.71E+03 

- - 5.81E-04 3.43E+03 3.72E-04 3.81E+03 2.30E-04 5.76E+03 

- - 2.90E-04 2.94E+03 1.86E-04 3.25E+03 1.15E-04 5.11E+03 

- - 5.81E-05 1.96E+03 3.77E-05 2.23E+03 2.30E-05 3.75E+03 

- - 2.97E-05 1.68E+03 1.86E-05 1.94E+03 1.16E-05 3.29E+03 

- - 5.81E-06 1.10E+03 3.77E-06 1.31E+03 2.30E-06 2.32E+03 

- - - - 1.50E-05 1.89E+03 - - 

- - - - 6.09E-06 1.46E+03 - - 

- - - - 3.04E-06 1.23E+03 - - 

- - - - 6.16E-07 7.86E+02 - - 

- - - - 3.08E-07 6.70E+02 - - 

- - - - 6.16E-08 4.38E+02 - - 

- - - - 6.09E-09 2.29E+02 - - 
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Table 105. Measured Dynamic Modulus Data for LSD. 

LSD 

STA 4D 8D 

Red.Freq. (Hz) E* (MPa) Red.Freq. (Hz) E* (MPa) Red.Freq. (Hz) E* (MPa) 

3.32E+03 1.20E+04 4.98E+03 1.44E+04 6.83E+03 1.65E+04 

1.33E+03 1.06E+04 1.99E+03 1.30E+04 2.73E+03 1.51E+04 

6.64E+02 9.55E+03 9.66E+02 1.21E+04 1.37E+03 1.41E+04 

1.31E+02 7.19E+03 1.93E+02 9.76E+03 2.73E+02 1.18E+04 

6.54E+01 6.27E+03 9.35E+01 8.80E+03 1.37E+02 1.09E+04 

1.35E+01 4.35E+03 1.99E+01 6.76E+03 2.83E+01 8.78E+03 

3.54E+01 5.56E+03 3.58E+01 7.63E+03 3.57E+01 9.09E+03 

1.44E+01 4.40E+03 1.43E+01 6.36E+03 1.47E+01 7.74E+03 

7.18E+00 3.64E+03 7.16E+00 5.47E+03 7.15E+00 6.79E+03 

1.44E+00 2.17E+03 1.43E+00 3.69E+03 1.43E+00 4.81E+03 

7.18E-01 1.72E+03 7.16E-01 3.10E+03 7.15E-01 4.11E+03 

1.42E-01 9.11E+02 1.43E-01 1.94E+03 1.43E-01 2.76E+03 

1.62E-01 1.04E+03 1.13E-01 1.93E+03 1.96E-01 3.02E+03 

6.49E-02 6.99E+02 4.52E-02 1.40E+03 7.85E-02 2.30E+03 

3.25E-02 5.21E+02 2.26E-02 1.10E+03 3.92E-02 1.86E+03 

6.57E-03 2.76E+02 4.65E-03 6.02E+02 8.02E-03 1.08E+03 

3.33E-03 2.15E+02 2.33E-03 4.77E+02 4.01E-03 8.62E+02 

- - 4.52E-04 2.84E+02 7.85E-04 4.66E+02 
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Table 106. Measured Dynamic Modulus Data for LTX. 

LTX 

STA 4D 8D 17D 

Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 

(Hz) 
E* (MPa) 

9.31E+03 2.11E+04 1.05E+04 2.18E+04 9.38E+03 2.31E+04 1.34E+04 2.41E+04 

3.72E+03 1.99E+04 4.28E+03 2.08E+04 3.75E+03 2.21E+04 5.35E+03 2.32E+04 

1.94E+03 1.89E+04 2.14E+03 2.00E+04 1.88E+03 2.14E+04 2.68E+03 2.26E+04 

3.72E+02 1.66E+04 4.28E+02 1.81E+04 3.75E+02 1.95E+04 5.35E+02 2.10E+04 

1.94E+02 1.55E+04 2.10E+02 1.73E+04 1.88E+02 1.88E+04 2.73E+02 2.03E+04 

3.87E+01 1.29E+04 4.20E+01 1.52E+04 3.75E+01 1.68E+04 5.35E+01 1.86E+04 

3.12E+01 1.29E+04 3.16E+01 1.46E+04 3.17E+01 1.65E+04 3.22E+01 1.79E+04 

1.25E+01 1.13E+04 1.26E+01 1.33E+04 1.27E+01 1.52E+04 1.31E+01 1.68E+04 

6.25E+00 1.00E+04 6.32E+00 1.23E+04 6.35E+00 1.42E+04 6.56E+00 1.60E+04 

1.25E+00 7.31E+03 1.24E+00 9.90E+03 1.27E+00 1.19E+04 1.29E+00 1.39E+04 

6.25E-01 6.23E+03 6.22E-01 8.86E+03 6.14E-01 1.08E+04 6.44E-01 1.30E+04 

1.25E-01 4.07E+03 1.26E-01 6.62E+03 1.27E-01 8.51E+03 1.29E-01 1.10E+04 

1.27E-01 3.85E+03 7.12E-02 5.80E+03 4.59E-02 7.05E+03 3.21E-02 9.00E+03 

5.06E-02 2.84E+03 2.85E-02 4.67E+03 1.84E-02 5.85E+03 1.30E-02 7.80E+03 

2.53E-02 2.18E+03 1.44E-02 3.87E+03 9.19E-03 5.01E+03 6.51E-03 6.91E+03 

5.06E-03 9.39E+02 2.89E-03 2.26E+03 1.87E-03 3.23E+03 1.30E-03 5.01E+03 

2.53E-03 5.96E+02 1.42E-03 1.77E+03 9.19E-04 2.66E+03 6.51E-04 4.35E+03 

5.06E-04 2.41E+02 2.89E-04 9.09E+02 1.84E-04 1.55E+03 1.30E-04 2.96E+03 
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Table 107. Measured Dynamic Modulus Data for LWA. 

LWA 

STA 4D 16D 

Red.Freq. (Hz) E* (MPa) Red.Freq. (Hz) E* (MPa) Red.Freq. (Hz) E* (MPa) 

4.08E+03 1.63E+04 5.65E+03 1.68E+04 7.66E+03 1.85E+04 

1.63E+03 1.47E+04 2.26E+03 1.55E+04 3.06E+03 1.75E+04 

8.15E+02 1.35E+04 1.09E+03 1.46E+04 1.53E+03 1.68E+04 

1.69E+02 1.07E+04 2.22E+02 1.23E+04 3.01E+02 1.50E+04 

8.15E+01 9.55E+03 1.11E+02 1.13E+04 1.50E+02 1.42E+04 

1.63E+01 6.97E+03 2.22E+01 9.09E+03 3.01E+01 1.24E+04 

2.96E+01 8.06E+03 3.03E+01 9.35E+03 3.14E+01 1.24E+04 

1.22E+01 6.54E+03 1.19E+01 7.98E+03 1.25E+01 1.12E+04 

6.09E+00 5.47E+03 6.05E+00 7.01E+03 6.27E+00 1.03E+04 

1.22E+00 3.34E+03 1.23E+00 4.89E+03 1.25E+00 8.35E+03 

5.92E-01 2.64E+03 6.14E-01 4.13E+03 6.27E-01 7.53E+03 

1.22E-01 1.41E+03 1.23E-01 2.62E+03 1.25E-01 5.75E+03 

1.84E-01 1.75E+03 1.76E-01 2.84E+03 7.09E-02 5.08E+03 

7.51E-02 1.11E+03 7.06E-02 2.10E+03 2.83E-02 4.14E+03 

3.76E-02 7.90E+02 3.57E-02 1.66E+03 1.42E-02 3.52E+03 

7.51E-03 3.67E+02 6.98E-03 7.68E+02 2.80E-03 2.24E+03 

3.67E-03 2.65E+02 3.49E-03 5.50E+02 1.42E-03 1.86E+03 

7.51E-04 1.43E+02 6.98E-04 2.78E+02 2.80E-04 1.12E+03 
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Table 108. Measured Dynamic Modulus Data for MnRd C.21. 

MnRd C.21 

STA 5D 8D 16D 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

5.58E+03 1.69E+04 9.58E+03 2.00E+04 1.19E+04 2.13E+04 7.36E+03 2.08E+04 

2.23E+03 1.51E+04 3.83E+03 1.87E+04 4.76E+03 2.00E+04 2.94E+03 1.98E+04 

1.12E+03 1.37E+04 1.92E+03 1.77E+04 2.38E+03 1.90E+04 1.47E+03 1.90E+04 

2.27E+02 1.07E+04 3.90E+02 1.54E+04 4.67E+02 1.68E+04 2.84E+02 1.71E+04 

1.14E+02 9.45E+03 1.99E+02 1.44E+04 2.34E+02 1.58E+04 1.42E+02 1.63E+04 

2.19E+01 6.87E+03 3.98E+01 1.23E+04 4.67E+01 1.37E+04 2.84E+01 1.45E+04 

3.42E+01 7.68E+03 3.56E+01 1.19E+04 3.49E+01 1.31E+04 3.55E+01 1.40E+04 

1.37E+01 6.17E+03 1.43E+01 1.05E+04 1.42E+01 1.17E+04 1.42E+01 1.28E+04 

6.74E+00 5.18E+03 7.25E+00 9.53E+03 7.11E+00 1.07E+04 7.11E+00 1.19E+04 

1.33E+00 3.24E+03 1.47E+00 7.33E+03 1.42E+00 8.44E+03 1.42E+00 9.86E+03 

6.93E-01 2.63E+03 7.25E-01 6.46E+03 7.35E-01 7.56E+03 7.11E-01 9.02E+03 

1.37E-01 1.52E+03 1.43E-01 4.68E+03 1.40E-01 5.68E+03 1.38E-01 7.24E+03 

2.42E-01 1.89E+03 9.98E-02 4.24E+03 7.78E-02 4.95E+03 7.60E-02 6.03E+03 

9.77E-02 1.38E+03 3.99E-02 3.39E+03 3.11E-02 4.02E+03 2.95E-02 5.08E+03 

4.83E-02 1.02E+03 2.00E-02 2.84E+03 1.56E-02 3.37E+03 1.52E-02 4.44E+03 

9.67E-03 5.56E+02 4.04E-03 1.76E+03 3.11E-03 2.18E+03 3.04E-03 3.10E+03 

4.83E-03 4.31E+02 2.05E-03 1.45E+03 1.56E-03 1.83E+03 1.48E-03 2.67E+03 

9.67E-04 2.60E+02 3.99E-04 8.71E+02 3.11E-04 1.13E+03 2.95E-04 1.78E+03 

- - - - - - 1.37E-03 2.57E+03 

- - - - - - 5.48E-04 2.03E+03 

- - - - - - 2.74E-04 1.68E+03 

- - - - - - 5.48E-05 1.02E+03 

- - - - - - 2.66E-05 8.38E+02 

- - - - - - 5.33E-06 5.08E+02 

- - - - - - 5.33E-07 2.55E+02 
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Table 109. Measured Dynamic Modulus Data for NCAT N10. 

NCAT N10 

STA 5D 11D 21D 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

Red.Freq. 
(Hz) 

E* (MPa) 
Red.Freq. 

(Hz) 
E* (MPa) 

2.19E+04 2.13E+04 7.43E+03 2.41E+04 1.59E+04 2.35E+04 1.80E+04 2.58E+04 

8.75E+03 2.01E+04 2.97E+03 2.30E+04 6.37E+03 2.26E+04 7.19E+03 2.49E+04 

4.38E+03 1.91E+04 1.49E+03 2.21E+04 3.18E+03 2.19E+04 3.59E+03 2.42E+04 

8.75E+02 1.69E+04 3.08E+02 2.02E+04 6.37E+02 2.02E+04 7.34E+02 2.26E+04 

4.38E+02 1.60E+04 1.54E+02 1.93E+04 3.06E+02 1.95E+04 3.67E+02 2.19E+04 

8.39E+01 1.38E+04 2.97E+01 1.74E+04 6.37E+01 1.79E+04 7.04E+01 2.03E+04 

3.71E+01 1.34E+04 3.55E+01 1.65E+04 3.56E+01 1.69E+04 3.78E+01 1.96E+04 

1.49E+01 1.20E+04 1.42E+01 1.52E+04 1.42E+01 1.58E+04 1.51E+01 1.86E+04 

7.43E+00 1.10E+04 7.33E+00 1.43E+04 7.12E+00 1.50E+04 7.57E+00 1.78E+04 

1.43E+00 8.81E+03 1.47E+00 1.22E+04 1.42E+00 1.32E+04 1.51E+00 1.61E+04 

7.16E-01 7.92E+03 7.10E-01 1.13E+04 7.38E-01 1.24E+04 7.43E-01 1.53E+04 

1.49E-01 6.03E+03 1.42E-01 9.31E+03 1.42E-01 1.06E+04 1.49E-01 1.36E+04 

6.00E-02 5.09E+03 8.23E-02 7.80E+03 5.39E-02 8.86E+03 4.63E-02 1.07E+04 

2.40E-02 4.13E+03 3.29E-02 6.70E+03 2.16E-02 7.82E+03 1.85E-02 9.65E+03 

1.20E-02 3.50E+03 1.65E-02 5.91E+03 1.08E-02 7.06E+03 9.25E-03 8.89E+03 

2.40E-03 2.26E+03 3.29E-03 4.32E+03 2.16E-03 5.42E+03 1.88E-03 7.22E+03 

1.20E-03 1.89E+03 1.65E-03 3.76E+03 1.05E-03 4.84E+03 9.54E-04 6.62E+03 

2.40E-04 1.16E+03 3.29E-04 2.62E+03 2.09E-04 3.56E+03 1.88E-04 5.23E+03 

1.83E-03 2.15E+03 1.79E-03 4.05E+03 1.14E-03 4.54E+03 8.64E-04 6.79E+03 

7.32E-04 1.62E+03 7.18E-04 3.30E+03 4.58E-04 3.75E+03 3.46E-04 5.84E+03 

3.74E-04 1.31E+03 3.59E-04 2.79E+03 2.29E-04 3.23E+03 1.75E-04 5.18E+03 

7.48E-05 7.48E+02 7.18E-05 1.81E+03 4.58E-05 2.15E+03 3.46E-05 3.81E+03 

3.74E-05 5.88E+02 3.59E-05 1.53E+03 2.29E-05 1.83E+03 1.73E-05 3.37E+03 

7.32E-06 3.26E+02 7.18E-06 9.72E+02 4.58E-06 1.17E+03 3.41E-06 2.39E+03 

- - 1.13E-05 1.21E+03 1.12E-05 1.61E+03 6.41E-06 2.74E+03 

- - 4.53E-06 8.21E+02 4.40E-06 1.25E+03 2.56E-06 2.19E+03 

- - 2.27E-06 6.47E+02 2.20E-06 1.02E+03 1.28E-06 1.86E+03 

- - 4.53E-07 3.89E+02 4.40E-07 5.74E+02 2.56E-07 1.23E+03 

- - 2.22E-07 3.13E+02 2.24E-07 4.56E+02 1.28E-07 1.04E+03 

- - 4.53E-08 2.04E+02 4.48E-08 2.56E+02 2.56E-08 6.71E+02 

- - - - 4.48E-09 1.52E+02 2.56E-09 3.75E+02 
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Table 110. General Information for All Mixtures in the Systematic Aging Study. 

Mixture 
ID 

RAP Content 
(%) 

Virgin Binder Grade 
NMAS 
(mm) 

M 
Lab Aging 

Duration (days) 
log |G*| at 64°C, 
10 rad/s (kPa) 

RS9.5B 0% 0 PG 64-22 9.5 0.888 

0 0.929 
4 1.743 
7 1.994 
17 2.523 

RS9.5B 
30% 

30 PG 58-28 9.5 0.726 

0 1.177 
2 1.607 
4 1.842 
7 2.047 
17 2.480 

RS9.5B 
50% 

50 PG 58-28 9.5 0.682 

0 1.462 
4 2.087 
7 2.280 
17 2.686 

FC12.5D 20 PG 76-22 12.5 0.643 

0 1.512 
4 2.101 
7 2.283 
17 2.666 

ARC 0 PG 67-22 9.5 1.075 

0 0.900 
4 1.885 
8 2.266 
16 2.770 

LTX 0 AC-20 9.5 0.880 

0 0.688 
4 1.495 
8 1.807 
17 2.268 

LSD 0 Pen. 120-15 12.5 0.747 
0 0.370 
4 1.055 
8 1.320 

LWA 0 
AR-4000 (AR_40 by 

AASHTO designation) 
9.5 0.865 

0 0.892 
4 1.448 
16 1.947 

NCAT N10 50 PG 67-22 9.5 0.481 

0 2.208 
5 2.702 
11 2.910 
21 3.177 

MnRd C.21 20 PG 58-34 12.5 0.856 

0 0.715 
5 1.595 
8 1.803 
16 2.204 

ACTRL 0 PG 70-22 12.5 0.743 

0 1.196 
4 1.877 
8 2.141 
16 2.489 
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APPENDIX N CHAPTER 7 SUPPLEMENTARY INFORMATION 

Table 111. Material Properties for NCAT Sections FW, AW, and C. 

Property Type Property 
Mixture 

FW1 FW2 FW3 AW1 AW2 AW3 C1 C2 C3 

General 
Density [kg/m³] 2500 2500 2500 2500 2500 2500 2500 2500 2500 

Thermal Conductivity [W/(m.°C)] 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 
Heat Capacity [J/(kg.°C)] 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 

CTC 

CTC_g 2.39E-05 2.23E-05 2.20E-05 2.43E-05 2.24E-05 2.20E-05 2.42E-05 2.19E-05 2.21E-05 
CTC_L 3.92E-05 3.61E-05 3.55E-05 4.01E-05 3.63E-05 3.55E-05 3.99E-05 3.51E-05 3.56E-05 
Tg [°C] -25 -25 -25 -25 -25 -25 -25 -25 -25 

R 6 6 6 6 6 6 6 6 6 

Dynamic Modulus 

Shift-factor a0 3.98E-04 9.89E-04 5.77E-04 8.58E-04 5.34E-04 4.90E-04 7.04E-04 8.18E-04 7.30E-04 
Shift-factor a1 -1.45E-01 -1.75E-01 -1.47E-01 -1.69E-01 -1.49E-01 -1.47E-01 -1.61E-01 -1.67E-01 -1.58E-01 
Shift-factor a2 2.87E+00 3.25E+00 2.84E+00 3.18E+00 2.91E+00 2.89E+00 3.08E+00 3.17E+00 3.01E+00 

delta 1.6355 1.4996 1.2559 1.3528 1.1379 1.3253 1.3075 1.42E+00 1.5008 
kappa 0.0742 0.0522 0.0519 0.0279 0.047 0.0393 0.0657 0.0661 0.0508 

h 0.3959 0.3661 0.3875 0.3644 0.37 0.3864 0.3871 0.3685 0.3748 
beta 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 

log(tau_E) -3.44E+00 -3.47E+00 -3.41E+00 -3.75E+00 -3.45E+00 -3.50E+00 -3.39E+00 -3.14E+00 -3.55E+00 
E_00 [Pa] 2.19E+08 1.73E+08 2.00E+08 9.65E+07 1.44E+08 1.64E+08 1.03E+08 1.34E+08 1.55E+08 
E_0 [Pa] 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 

Fatigue 

Alpha 4.19 4.33 4.13 4.14 4.17 4.08 3.99 4.24E+00 4.21 
C11 8.18E-03 4.86E-03 2.19E-03 3.28E-03 1.05E-02 3.14E-03 5.32E-03 9.12E-03 1.74E-03 
C12 3.68E-01 4.20E-01 4.92E-01 4.36E-01 3.55E-01 4.72E-01 3.98E-01 3.68E-01 5.12E-01 
DR 0.7 0.59 0.59 0.67 0.64 0.6 0.7 0.65 0.57 

d_max 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Rutting 

Epsilon_0 - - - - - - - - - 
N1 - - - - - - - - - 

Beta - - - - - - - - - 
P1 - - - - - - - - - 
P2 - - - - - - - - - 
d1 - - - - - - - - - 
d2 - - - - - - - - - 

Reference Temperature [°C] - - - - - - - - - 

Aging 

M 0.622 0.622 0.792 0.622 0.622 0.792 0.622 0.622 0.792 
Log(G*) STA 1.325 1.325 0.814 1.325 1.325 0.814 1.325 1.325 0.814 

%ACDev 0 0 0 0 0 0 0 0 0 
c 1.71 1.71 1.71 1.71 1.71 1.71 1.71 1.71 1.71 

DPSE 

C0_1 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
C0_2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
C0_3 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
C0_4 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
a_1 5760 1889.4 1186.8 5415.5 3488.4 967.8 7009.6 2639.7 1032.8 
a_2 4378.1 1362.4 779.7 3844.2 2679.4 656.6 5185.4 2008.5 659.1 
a_3 2875.9 817.8 419.7 2241.5 1797.6 364.6 3234.9 1324.3 333 
a_4 1570.9 405.6 224.9 1151.7 1015.4 185.6 1703 720.2 185.5 
b_1 -0.9456 -0.9396 -0.9446 -0.9462 -0.9461 -0.9408 -0.947 -0.9271 -0.9401 
b_2 -0.9463 -0.9403 -0.9462 -0.9469 -0.9468 -0.9418 -0.9477 -0.9275 -0.9415 
b_3 -0.9479 -0.9414 -0.9459 -0.9485 -0.9481 -0.9415 -0.9498 -0.9284 -0.9461 
b_4 -0.9501 -0.9446 -0.9491 -0.9487 -0.9491 -0.948 -0.9514 -0.9306 -0.9487 
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Table 112. Material Properties for NCAT Sections R and RW and LTPP Sections LTX and LSD. 

Property Type Property 
Mixture 

R1 R2 R3 RW1 RW2 RW3 LTX LSD 

General 
Density [kg/m³] 2500 2500 2500 2500 2500 2500 2500 2500 

Thermal Conductivity [W/(m.°C)] 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 1.16E+00 
Heat Capacity [J/(kg.°C)] 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 9.63E+02 

CTC 

CTC_g 2.42E-05 2.19E-05 2.21E-05 2.39E-05 2.19E-05 2.20E-05 2.35E-05 2.16E-05 
CTC_L 3.98E-05 3.53E-05 3.57E-05 3.93E-05 3.52E-05 3.54E-05 3.84E-05 3.46E-05 
Tg [°C] -25 -25 -25 -25 -25 -25 -25 -25 

R 6 6 6 6 6 6 6 6 

Dynamic Modulus 

Shift-factor a0 5.51E-04 6.56E-04 6.63E-04 5.70E-04 5.52E-04 4.92E-04 7.32E-04 2.05E-04 
Shift-factor a1 -1.53E-01 -1.67E-01 -1.65E-01 -1.56E-01 -1.52E-01 -1.54E-01 -1.66E-01 -1.31E-01 
Shift-factor a2 2.99E+00 3.23E+00 3.18E+00 3.03E+00 2.96E+00 3.03E+00 3.17E+00 2.67E+00 

delta 1.517 1.302 1.2857 1.8065 1.2413 1.18E+00 3.68E+00 1.98E+00 
kappa 0.0743 0.1082 0.1198 0.0816 0.0925 9.34E-02 1.72E-01 5.42E-02 

h 3.56E-01 0.3483 0.3501 0.3842 0.3653 0.3441 0.6162 0.4062 
beta 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 1.00E+12 

log(tau_E) -2.51E+00 -1.50E+00 -1.33E+00 -2.61E+00 -2.22E+00 -2.07E+00 -8.88E-01 -3.92E+00 
E_00 [Pa] 7.24E+07 4.55E+07 4.95E+07 7.31E+07 8.55E+07 7.45E+07 1.00E+04 6.27E+06 
E_0 [Pa] 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 4.00E+10 

Fatigue 

Alpha 4.24E+00 4.24 4.25 4.02 4.17 4.34E+00 2.62E+00 3.56E+00 
C11 8.40E-04 1.03E-04 8.54E-04 2.99E-03 3.68E-04 3.42E-04 2.68E-03 4.22E-03 
C12 5.43E-01 7.19E-01 5.34E-01 4.47E-01 6.22E-01 6.16E-01 4.67E-01 4.47E-01 
DR 0.58 0.43 0.53 0.58 0.48 0.48 0.53 0.52 

d_max 8.00E-01 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Rutting 

Epsilon_0 - - - - - - - - 
N1 - - - - - - - - 

Beta - - - - - - - - 
P1 - - - - - - - - 
P2 - - - - - - - - 
d1 - - - - - - - - 
d2 - - - - - - - - 

Reference Temperature [°C] - - - - - - - - 

Aging 

M 0.587 0.575 0.575 0.587 0.575 0.575 0.852 0.684 
Log(G*) STA 1.973 2.039 2.039 1.973 2.039 2.039 0.529 0.141 

%ACDev 0 0 0 0 0 0 0 0 
c 1.71 1.71 1.71 1.71 1.71 1.71 1.472 1.598 

DPSE 

C0_1 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
C0_2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
C0_3 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
C0_4 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
a_1 2209.4 694.3 2739.1 3924.2 977.5 1144.3 69323.9 3349 
a_2 1342.4 336.4 1705.4 2756.1 534.2 616.4 49806.8 2368 
a_3 649.7 201.2 830.3 1589.4 266.6 324.1 31679.5 1392.1 
a_4 377 166.4 472.1 808.4 183.2 225.9 19265.8 766.7 
b_1 -0.8811 -0.8211 -0.8214 -0.8939 -0.868 -0.8609 -0.6699 -0.9466 
b_2 -0.8827 -0.8242 -0.8213 -0.8945 -0.8669 -0.8622 -0.6675 -0.947 
b_3 -0.8901 -0.8352 -0.8287 -0.8954 -0.8779 -0.8609 -0.6617 -0.9475 
b_4 -0.896 -0.8309 -0.8328 -0.899 -0.8851 -0.8628 -0.6672 -0.9476 
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Table 113. Mix Design Information for Two Gradations. 

Gradation AC (%) Gmm 
AV @ 
Ndes 

Gse 
Est. 

Gmm 
Gsb 

VMA @ 
Ndes 
(%) 

VFA @ 
Ndes (%) 

VBE 
(%) 

Gradation 1 

5.8 2.444 5.6 

2.672 

 

2.646 

17.8 68.6 12.2 

5.3 - 6.7 2.462 17.7 62.2 11.0 

6.3 - 4.5 2.426 17.9 74.9 13.4 

Gradation 2 

5.8 2.463 3.5 

2.697 

 

2.644 

15.3 77.1 11.8 

5.3 - 5.3 2.482 15.8 66.5 10.5 

6.3 - 2.2 2.445 15.2 85.6 13.0 

Table 114. Volumetric Properties of Volumetric Conditions. 

Gradation Mix ID 
AC 
(%) 

AV @ 
Ndes 
(%) 

Gmm 
(Estimated) 

AV-IP 
(%) 

Gsb 
VMA-
IP (%) 

VFA-
IP (%) 

VBE 
(%) 

Gradation 1 

C50-33 6.9 3 2.402 3.3 

2.646 

18.3 82.0 15.0 

C50-44 6.5 4 2.418 4 18.0 77.7 14.0 

C50-57 6.0 5 2.434 5.4 18.2 70.4 12.8 

Gradation 2 

C70-33 6.0 3 2.455 2.9 

2.644 

15.2 81.0 12.3 

C70-44 5.7 4 2.467 4 15.5 74.2 11.5 

C70-57 5.3 5 2.479 4.7 15.4 69.5 10.7 

Table 115. Percent Passing for Each Aggregate Stockpile. 

Sieve Size 

(mm) 

#1-CA #1-FA #2-FA 
#1-RAP 

#78 DS WS 

25.0 100 100 100 100 

19.0 100 100 100 100 

12.5 100 100 100 100 

9.5 94.4 100 100 100 

4.75 30.8 99.8 99.7 89.0 

2.36 4.1 91.6 84.2 69.4 

1.18 1.3 59.4 61.6 53.4 

0.600 1.0 36.8 47.0 45.0 

0.300 0.8 22.6 34.5 22.8 

0.150 0.7 15.7 17.9 11.5 

0.075 0.5 9.4 7.1 8.5 
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Table 116. Percent Passing for the Two Gradations. 

Sieve Size (mm) Gradation 1 Gradation 2 

25.0 100 100 

19.0 100 100 

12.5 100 100 

9.5 98.6 97.8 

4.75 80.0 70.0 

2.36 61.2 49.4 

1.18 44.4 35.8 

0.600 34.4 28.0 

0.300 21.8 17.2 

0.150 11.6 9.2 

0.075 6.2 5.1 
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Table 117. Dynamic Modulus, Cyclic Fatigue, and Stress-Sweep Rutting Model Coefficients 

for Mixture Variants. 

Property Control AltG AltS M5R P5R AltSd AltRAP 

delta 1.735 1.994 1.930 1.772 1.923 1.833 1.788 

kappa 0.118 0.122 0.129 0.117 0.124 0.128 0.119 

h 0.365 0.375 0.371 0.370 0.372 0.383 0.364 

beta 1E+12 1E+12 1E+12 1E+12 1E+12 1E+12 1E+12 

E_00 [MPa] 22.304 7.667 8.964 24.013 8.002 17.730 15.585 

E_0 [MPa] 40000 40000 40000 40000 40000 40000 40000 

log(tau_E) -1.756 -1.469 -1.362 -1.964 -1.302 -1.738 -1.512 

Shift-factor a1 1.073E-03 1.039E-03 9.579E-04 1.088E-03 9.494E-04 9.079E-04 9.897E-04 

Shift-factor a2 -0.181 -0.185 -0.182 -0.183 -0.177 -0.175 -0.180 

Shift-factor a3 3.331 3.442 3.417 3.368 3.313 3.290 3.365 

Alpha 4.036 3.854 3.908 4.000 3.882 3.868 4.002 

DR 0.490 0.485 0.460 0.518 0.470 0.489 0.445 

Sapp 18.208 21.273 18.522 19.763 19.289 19.777 15.924 

C11 1.088E-03 1.208E-03 1.156E-03 1.441E-03 9.339E-04 1.350E-03 9.883E-04 

C12 0.514 0.505 0.505 0.495 0.524 0.498 0.520 

ε0 6.763E-04 8.314E-04 6.067E-04 9.542E-04 8.223E-04 7.557E-04 6.728E-04 

N1 2.407 1.561 2.411 1.925 2.320 2.533 2.491 

β 0.657 0.691 0.679 0.678 0.690 0.660 0.675 

p1 0.776 0.864 0.711 0.838 0.741 0.802 0.734 

p2 0.309 0.344 0.283 0.333 0.295 0.319 0.292 

d1 0.234 0.250 0.231 0.216 0.231 0.232 0.247 

d2 -4.699 -5.500 -4.373 -4.493 -5.016 -4.882 -5.696 

Tref (°C) 46.052 45.943 45.837 46.052 46.029 46.043 46.037 

 

  



 

520 

Table 118. Dynamic Modulus, Cyclic Fatigue, and Stress-Sweep Rutting Model Coefficients 

for Production Samples. 

Property S1-1 S1-2 S1-3 S1-4 S1-5 

delta 1.930 2.013 1.817 1.883 1.810 

kappa 0.113 0.126 0.119 0.127 0.124 

h 0.399 0.409 0.384 0.400 0.390 

beta 1E+12 1E+12 1E+12 1E+12 1E+12 

E_00 [MPa] 32.631 19.102 26.047 20.942 24.589 

E_0 [MPa] 40000 40000 40000 40000 40000 

log(tau_E) -2.196 -2.063 -1.929 -1.891 -1.910 

Shift-factor a1 7.988E-04 8.137E-04 8.769E-04 8.316E-04 9.810E-04 

Shift-factor a2 -0.1623 -0.1635 -0.1668 -0.1641 -0.1735 

Shift-factor a3 3.0688 3.0873 3.1301 3.0915 3.2248 

Alpha 3.8122 3.6919 3.8972 3.7585 3.8471 

DR 0.5532 0.5507 0.5573 0.5040 0.5465 

Sapp 25.2557 26.7540 25.6468 21.9557 23.8697 

C11 1.820E-03 1.990E-03 1.532E-03 1.357E-03 1.716E-03 

C12 0.480 0.473 0.488 0.501 0.481 

ε0 0.002 0.002 0.001 0.001 0.001 

N1 4.160 3.702 3.183 3.219 3.303 

β 0.684 0.690 0.666 0.679 0.669 

p1 0.815 0.861 0.825 0.858 0.787 

p2 0.324 0.343 0.328 0.342 0.313 

d1 0.196 0.192 0.197 0.210 0.210 

d2 -4.079 -3.876 -4.224 -4.478 -4.392 

Tref (°C) 45.985 46.006 45.991 45.991 45.999 
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Table 119. Dynamic Modulus, Cyclic Fatigue, and Stress-Sweep Rutting Model Coefficients 

for Mixtures within a Classification. 

Property S1-3 S2 S3 

delta 1.817 2.040 2.227 

kappa 0.119 0.131 0.127 

h 0.384 0.423 0.434 

beta 1E+12 1E+12 1E+12 

E_00 [MPa] 26.047 14.225 7.331 

E_0 [MPa] 40000 40000 40000 

log(tau_E) -1.929 -2.058 -1.543 

Shift-factor a1 8.769E-04 8.577E-04 8.115E-04 

Shift-factor a2 -0.167 -0.164 -0.165 

Shift-factor a3 3.130 3.074 3.115 

Alpha 3.897 3.570 3.451 

DR 0.557 0.521 0.428 

Sapp 25.647 20.680 19.307 

C11 1.532E-03 2.012E-03 1.757E-03 

C12 0.488 0.481 0.481 

ε0 0.001 0.002 0.001 

N1 3.183 4.303 5.632 

β 0.666 0.758 0.715 

p1 0.825 0.807 0.774 

p2 0.328 0.321 0.308 

d1 0.197 0.215 0.244 

d2 -4.224 -4.023 -5.392 

Tref (°C) 45.991 45.970 45.969 

 


