
 

 

ABSTRACT 

GHANBARI, AMIR. Performance and Reliability Analysis of Asphalt Mixtures in a 

Performance-Related Specification (Under the direction of Dr. Y. Richard Kim and Dr. B. Shane 

Underwood). 

 

Asphalt concrete pavements are one of the largest infrastructure systems in the United 

States. While there are many issues facing state highway agencies (SHAs) with respect to 

pavements, one critical topic that has posed a major challenge is construction quality assurance. 

The agencies currently use acceptance specifications based on a series of acceptance quality 

characteristics (AQCs) obtained during and after the construction. The current specifications are 

commonly based on the in-place volumetric properties, which are largely drawn from anecdotal 

evidence and engineering experience with little to no scientific basis. As a result, there is a 

national need to develop a performance-related specification (PRS) that controls the performance 

of the asphalt mixture in the pavement.  

Researchers at North Carolina State University (NCSU) have developed advanced 

material models to predict asphalt mixturesô behavior. The models have been implemented into 

the pavement performance prediction program, FlexPAVETM. This program conducts 3-D 

viscoelastic analysis to simulate the materialôs behavior at the structural level. As a result, the 

%Cracking and rut depth in the asphalt concrete pavement can be simulated under various traffic 

loading, climatic conditions, and pavement structures. The developed models can be used in 

asphalt mixture performance-related specifications (AM-PRS). In order to implement the 

advanced models in real practice, the models should be employed in the simplest possible way 

without losing much accuracy. This research proposes a framework to let the state highway 

agencies develop the AM-PRS. 



 

 

The study started with modifying the permanent deformation shift model calibrated by 

the Stress Sweep Rutting (SSR) test. SSR test is an experimental method for characterizing 

asphalt mixturesô resistance to permanent deformation. In the experiment, the deviatoric stress 

level, loading time, and temperature are varied and the results are ultimately used to characterize 

a so-called shift model. The shift model is a semi-empirical model that utilizes the phenomenon 

of time-temperature-stress to establish a single function to capture the factors measured in the 

SSR test. 

In the next step, a new rutting index parameter was developed to assess the rutting 

resistance of asphalt mixtures using the SSR test and the permanent deformation shift model. 

The proposed parameter, referred to as the Rutting Strain Index (RSI), is novel in that it 

integrates material testing and structural simulations. The RSI can also be employed by SHAs as 

a tool for performance-engineered mix design (PEMD) and quality assurance purposes, whereby 

agencies will accept or reject a mixture based on RSI thresholds.  

Then, a framework for PEMD has been developed. PEMD allows pavement engineers to select 

an optimized mix design based on the predicted pavement/mixture performance. This research 

study proposes two different approaches of PEMD. SHAs can choose either of the proposed 

approaches based on their projectsô level of importance. 

When implementing the PRS, the uncertainty in the material model calibration is an 

essential factor that engineers should pay attention to. Current mechanical models have been 

calibrated and implemented in a deterministic framework. However, there are different sources 

of uncertainties in real practice that have not been captured in the FlexPAVETM simulation. 

These uncertainties include model calibration errors, specimen fabrication errors, measurement 

errors, and sample to sample variability. In this research, the FlexPAVETM reliability analysis 



 

 

was conducted considering the combination of mentioned uncertainties. The developed 

framework will allow SHAs to predict the fatigue and rutting behavior of their asphalt pavements 

at any desired level of reliability and let the engineers consider the design alternatives with more 

flexibility.  

As a result, the proposed frameworks for PEMD and reliability analysis can be employed 

by SHAs to develop a PRS. Finally, the predictive models can be used to develop the project-

specific pay adjustments based on the true performance of asphalt mixtures.  
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CHAPTER 1. INTRODUCTION  

1.1. Background and Research Needs 

Roads represent one of the most important infrastructure systems in the United States. In 

the United States, there are more than 4.1 million miles of public roads, and as of 2019, 

according to the US Department of Transportation, more than 810,000 miles of these roads are 

asphalt pavements (NAPA 2020). According to the American Infrastructure Report Card 

(AIRC), one out of every five miles of highways is in dangerously poor condition (Grade ñDò) 

with over $836 billion in backlogged highway and bridge capital needs (AIRC 2017). The 

National Asphalt Pavement Association (NAPA) estimates that 3,500 asphalt mix production 

sites operating across the country produce over 350 million tons of asphalt pavement material 

yearly (NAPA 2020). 

It has been a challenge for state highway agencies to control asphalt mixture production 

and pavement construction quality using their existing pavement specifications. The current 

pavement specifications in most state agencies are based on a series of acceptance quality 

characteristics (AQCs) acquired from quality assurance (QA) during and after construction. 

Those AQCs in the current paving specifications have been determined to be the in-place asphalt 

mixturesô volumetric properties. The volumetric properties are the main control parameters in the 

current Superpave asphalt mixture design method. However, the volumetric properties are 

known to be only empirically related to the performance of asphalt mixtures. As the technologies 

and testing equipment evolve, the concept of performance-related specification (PRS) has started 

to draw attention recently (Kim et al. 2020). 

Based on the glossary of highway quality assurance definition, ñPRS is a QA 

specification that describes the desired levels of key materials and construction quality 
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characteristics that have been found to correlate with fundamental engineering properties to 

predict performanceò. In other words, PRS will compare the design expectations to what was 

constructed and pay for the product accordingly. The pay adjustments typically are related to the 

difference between the as-designed and as-constructed expected performance of life-cycle costs 

(LCCs) (Burati et al. 2003).  

The NCSU research team has developed material and structural models that can be used 

in asphalt mixture performance-related specifications (AM-PRS). The performance prediction 

models include the S-VECD fatigue model and the permanent deformation model. These two 

types of distresses are known as the most important and critical failures in pavement life. 

Efficient tests have also been developed to calibrate the aforementioned models. The models 

have been implemented to use at a structural level using FlexPAVETM program. This program 

computes the responses and the long-term performance of asphalt pavements under moving loads 

and changing climatic conditions using three-dimensional layered viscoelastic analysis (Kim et 

al. 2020). 

The mentioned models have been used to develop performance-related specifications. 

With testing more mixtures at NCSU, there was a need to improve the permanent deformation 

shift modelôs accuracy. In order to improve the model, this research study started with modifying 

the permanent deformation shift model calibrated by the Stress Sweep Rutting (SSR) test. The 

shift model is a mechanical model to predict the permanent deformation that occurs in the 

pavement. In the next step, an index parameter is needed to present the asphalt mixtureôs rutting 

behavior based on the developed model. This index should be based on the fundamental 

mechanics, and as a result, it can be employed in Quality Assurance (QA) and the asphalt mix 

design process.  
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The SSR test can be used as a fundamental test to characterize the rutting behavior of 

asphalt mixtures. This test can be used as a part of the mix design process. Nowadays, most State 

Highway Agencies (SHAs) are implementing the Superpave mix design. However, the reports 

from SHAs showed that the Superpave mix design was not successful in improving the mix 

quality. Most SHAs seek a more fundamental mix design procedure that can directly link the 

optimum mixture to the pavement performance. Therefore, different research groups are trying to 

develop a performance-based mix design. In this research study, a framework for performance-

engineered mix design is proposed that uses the SSR and cyclic fatigue test to characterize the 

rutting and cracking behavior of asphalt mixtures. The proposed PEMD optimizes the asphalt 

mixture considering volumetric and mixture performance. 

On the other hand, these models have been applied in a deterministic framework to 

predict the pavement's failure, while in practice, different sources of uncertainties exist in the 

structural simulations. Pavement engineers should pay attention to these uncertainties while 

designing the asphalt mixture and asphalt pavement. In the last stage of this research, a reliability 

analysis of the FlexPAVETM simulation is studied, and a framework is proposed to quantify the 

reliability in the FlexPAVETM performance prediction.  

The overall goal of this research is to provide a framework to help state highway agencies 

develop their performance-related specifications that will allow project-specific pay adjustments 

to be calculated based on the asphalt mixtureôs performance. 

 

1.2. Objective 

The objectives of this research have been summarized below: 

¶ Modify the permanent deformation shift model and develop an index parameter 

for stress sweep rutting test.  
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¶ Develop a framework for the performance-engineered mix design method for 

PRS. 

¶ Develop a framework for reliability analysis of pavement performance predictions 

using FlexPAVETM. 

1.3. Dissertation Outline 

This dissertation consists of nine chapters. The organization is presented in the following: 

¶ Chapter 1. Introduction 

This chapter introduces the research topic as well as the objectives of this study. 

¶ Chapter 2. Prediction of Rut Depth in Asphalt Pavement Sections using 

Permanent Deformation Shift Model and Stress Sweep Rutting Test 

This chapter presents the modifications to the permanent deformation shift model. 

In this chapter, a new temperature selection procedure for the SSR test is 

proposed.  

¶ Chapter 3. Development of Rutting Strain Index (RSI) Parameter for the Stress 

Sweep Rutting Test 

In this chapter, a new rutting index parameter is developed. The index parameter, 

so-called RSI, is based on the SSR test results and the permanent deformation 

shift model. RSI can be used as a robust index parameter in the QA process. This 

chapter's findings can be used in the index-based performance-engineered mix 

design (PEMD) procedure. 

¶ Chapter 4. Development of the Performance-Volumetric Relationship for Asphalt 

Mixtures 
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This chapter develops the performance-volumetric relationship (PVR). PVR 

function is an efficient method to investigate the effect of changes in asphalt 

mixturesô volumetric on pavement performance. This function will be the basis of 

the predictive performance-engineered mix design.  

¶ Chapter 5. Development of a Framework of the Predictive Performance-

Engineered Mix Design Procedure for Asphalt Mixtures  

Chapter 5 and Chapter 6 present the frameworks for the performance-engineered 

mix design (PEMD). The proposed procedure of the predictive PEMD is 

presented in this chapter.  

¶ Chapter 6. Development of a Framework of the Index-Based Performance-

Engineered Mix Design Procedure for Asphalt Mixtures  

This chapter presents the procedure of index-based PEMD. In this chapter, the 

optimum mix design obtained by the proposed PEMD frameworks were 

compared with the optimum mix design obtained from the Superpave volumetric 

mix design. 

¶ Chapter 7. Reliability Analysis of Damage Prediction in Asphalt Pavement 

Sections using FlexPAVETM Program and S-VECD Fatigue Model 

Chapter 7 to Chapter 8 provides the frameworks of the reliability analysis in 

FlexPAVETM program. This chapter shows the uncertainty quantification of the 

materialôs uncertainty in the %Cracking prediction using FlexPAVETM program.  

¶ Chapter 8. Reliability Analysis of Rut Depth Prediction in Asphalt Pavement 

Sections using FlexPAVETM Program and Permanent Deformation Model 
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This chapter shows the quantification of uncertainty in the permanent deformation 

shift model and investigates the effect of the modelôs uncertainty on the asphalt 

pavementôs rut depth. 

¶ Chapter 9. Summary and Conclusions 

This chapter summarizes the important conclusions of this research study. 
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CHAPTER 2. PREDICTION OF RUT DE PTH IN ASPHALT PAVEM ENT SECTIONS 

USING PERMANENT DEFORMATION SHIFT MODEL A ND STRESS SWEEP 

RUTTING TEST 1 

The Stress Sweep Rutting (SSR) test is an experimental method for characterizing asphalt 

mixturesô resistance to permanent deformation. In the experiment, the deviatoric stress level, 

loading time, and temperature are varied and the results are ultimately used to characterize a so-

called shift model. The shift model is a semi-empirical model that utilizes the phenomenon of 

time-temperature-stress to establish a single function to capture the factors measured in the SSR 

test. The shift model has been implemented into the pavement performance prediction program, 

FlexPAVETM, to predict the permanent deformation of asphalt layers under various deviatoric 

stress levels, loading times, and temperatures as a function of pavement depth and time. This 

chapter presents modifications to the SSR test and the permanent deformation shift model that 

improve the predictive accuracy of the approach. This modified model has been implemented in 

FlexPAVETM program and the details of this implementation are presented in this chapter. A 

comparison between the measured field data and the updated FlexPAVETM prediction shows that 

the permanent deformation shift model can predict pavement rut depth with acceptable accuracy.  

2.1. Introduction  

Rutting (permanent deformation) is one of the major distresses in asphalt pavements and 

several tests exist to characterize the resistance of asphalt mixture to its development. The SSR 

test is one such protocol that is designed to calibrate the so-called shift model, which is a semi-

empirical model that describes asphalt mixtureôs permanent strain behavior as a function of 

                                                 
1 This chapter has been prepared for publication as Ghanbari, A., Underwood, B. S., and Kim, Y. R. Prediction of 

Rut Depth in Asphalt Pavement Sections Using Permanent Deformation Shift Model and Stress Sweep Rutting 

Test. International Journal of Pavement Engineering. 
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temperature, stress, and loading time. These parameters are the three important factors that affect 

rutting in in-service asphalt pavements (Choi et al. 2012, Ghanbari et al. 2020, Buttlar et al. 

2018). The shift model is implemented in FlexPAVETM, a finite element program for pavement 

performance analysis, to calculate the permanent deformation of asphalt pavement under 

different traffic loading and climatic conditions. The goal of FlexPAVETM is to predict the 

rutting performance of asphalt pavements over their entire design life. Specific applications of 

these predictions include performance-related specifications (Kim et al. 2020) and asphalt 

mixture design (Wang et al. 2019). 

The shift model is based on the time-temperature-stress superposition (tTss) principle. 

The tTss principle has been discussed in the literature as far back as 1969 (Schapery 1969). 

Other researchers, including Brostow (2000), Akinary et al. (2001), Akinary and Brostow 

(2001), Wenbo et al. (2001), and Jazouli et al. (2005), have proven the tTss principle for 

different asphalt mixtures. A comprehensive review of this principle is given elsewhere (Choi 

and Kim 2013).  

As the SSR test developed and more mixtures were tested, it became evident that the 

temperature selection needed to be modified to better calibrate the permanent deformation shift 

model. It also became evident that some modifications to the permanent deformation shift model 

were necessary to improve the calibration process and the integration with pavement 

performance predictions. This article chapter describes the modification of the SSR temperature 

selection as well as the modification and implementation of the model into FlexPAVETM 

program. Finally, this chapter shows the shift modelôs verification using FlexPAVETM analysis 

and comparisons between the simulation results and measured data from the field. 
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2.2. SSR Test Background 

The ultimate origins of the SSR test lie in the research carried out under NCHRP 9-19 to 

understand and characterize the stress level and loading time effects on the permanent 

deformation of asphalt concrete (Witczak et al. 2001). However, the starting point for the current 

development was Choi et al. (2012), who recommended the use of a confined triaxial stress 

sweep (TSS) test to calibrate what they termed as a ópermanent deformation shift modelô. The 

shift model is a permanent deformation model for asphalt mixtures that can account for the 

effects of deviatoric stress, load time, and temperature on the permanent strain. The TSS test that 

Choi et al. developed was able to capture these effects. It required a so-called reference test, 

which was a constant stress amplitude repeated load test (689 kPa) conducted at the high 

temperature (TH) and three stress sweep test (483, 689, and 896 kPa) at three different 

temperatures (low, intermediate, and high). The shift model used the reference test results and 

stress sweep tests to calculate the permanent strain evolution at different stress levels, loading 

times, and temperatures. While the TSS test was shown to successfully characterize the shift 

model, the overall time for testing was long (approximately 16 hours). Kim and Kim (2017) 

reduced this testing time by eliminating the reference test and rearranging the stress levels in the 

stress sweep test at high temperature. This modified form of the TSS was referred to as the stress 

sweep rutting (SSR) test.  

In an effort to reduce the number of tests required to calibrate the shift model using the 

reference test, the SSR test uses óreverseô loading blocks at high temperature. Instead of 

increasing the stress level monotonically at TH, the 689 kPa (100 psi) loading block comes first, 

followed by the 483 kPa (70 psi) loading block. Kim and Kim (2017) found that the results from 

the reverse loading block test could be used to eliminate the need for the test at the reference 
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condition, reducing the number of required tests from eight to six (two replicate tests at three 

different temperatures). Kim and Kim (2017) also evaluated the removal of the intermediate 

temperature test and found that the rut depth predicted by FlexPAVETM did not change 

significantly (Kim and Kim 2017). As a result, the final SSR protocol eliminated the 

intermediate temperature. Results from the two SSR tests at each of the high and low 

temperatures could be used to calibrate the permanent deformation shift model. In the following 

sections, the specimen fabrication and test procedure will be discussed briefly.  

2.2.1. Specimen Fabrication 

The SSR test is performed using a 100 mm diameter by 150 mm tall specimen, which is 

cored and cut from a sample compacted using the Superpave gyratory compactor to a 150 mm 

diameter and a height of 180 mm. The specimen handling and fabrication details follow 

AASHTO R83 Figure 2.1 shows the schematic for the specimen set up in the Asphalt Mixture 

Performance Tester (AMPT) machine.  

  
Figure 2.1. a) 100-mm diameter cored and cut from a single 150-mm diameter gyratory 

compacted sample, b) SSR test setup in Asphalt Mixture Performance Tester (AMPT) 

110 mm
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a) 
b) 
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2.2.2. Test Procedure 

The SSR test is conducted at two test temperatures, referred to as TH (the high 

temperature) and TL (the low temperature), under a constant confining pressure of 69 kPa (10 

psi). At each temperature, three 200-cycle loading blocks of three deviatoric stress levels are 

performed. The haversine load pulse is 0.4 seconds for each cycle. The rest periods are 1.6 s for 

TL and 3.6 s for TH. The permanent axial deformation that occurs at each load cycle is measured 

using actuator displacement. Constant confining pressure of 69 kPa (10 psi) should be applied 

during the test and a latex membrane is used to encase the specimen for the confined test. This 

test uses the actuator displacement and it does not require LVDTs to measure the deformation. 

Vertical haversinusoidal loading is applied for 600 cycles at three deviatoric stress levels for 

each of the two temperatures: 483, 689, and 896 kPa (70, 100, and 130 psi) for the low 

temperature (TL) and 689, 483, and 896 kPa (100, 70, and 130 psi) for the high temperature (TH). 

Figure 2.2 shows the deviatoric stress pattern for low and high temperature.  

 

Figure 2.2. SSR vertical loading history for (a) low temperature and (b) high temperature 

2.3. Modification on SSR Temperature Selection 

In order to capture the effect of temperature on permanent deformation, the shift model 

requires running the test at two temperatures; TL (low temperature) and TH (high temperature). 

Based on the shift model, TL and TH should be far enough apart to cover the temperatures in 
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which permanent deformation most commonly occurs in the pavement. In these sections, the 

modification of the SSR temperature selection is presented.  

2.3.1. High Temperature  

The basis of high-temperature selection is the effective temperature model proposed by 

Mohseni and Azari (Mohseni and Azari 2014) and included in the temperature selection 

procedure of AASHTO TP 116. These authors proposed a simple method to find the single, 

óeffective temperatureô that could be used to simulate the rutting of asphalt mixtures in the field. 

They define the effective temperature as a single temperature that generates a similar rate of 

rutting damage in laboratory testing under a specific mode of loading as the rutting in the field 

considering climatic variation under similar loading conditions. This method employs the 

degree-days parameter defined by Mohseni et al. (2005). Their proposed effective temperature 

model is shown in Equation (2.1). 

58 7 15 ( 45)effT DD log z= + ³ - ³ + (2.1) 

where 

Teff = effective pavement temperature for rutting, °C, 

DD = average yearly air degree-days over 10°C (×1000), °C, and 

z = depth of layer to the pavement surface, mm (0 for the surface layer). 

 

It needs to be noted that the shift model itself does not require an óeffective temperatureô 

model. Rather, the procedure used to determine the range of service temperatures for a given 

location that the SSR characterization will encompass during characterization utilizes the 

effective temperature concept. It was believed that the effective temperature proposed by 

Mohseni and Azari (2014) was a good candidate for selecting the high temperature of this range; 

however, this model was calibrated based on 10 Hz loading (i.e., 0.1 seconds loading time), 
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whereas the loading time employed in the SSR test is 0.4 seconds. According to the time-

temperature superposition principle, an equivalence exists between test results at a relatively low 

temperature but a long loading time (e.g., 0.4 seconds) and test results at a relatively high 

temperature but a short loading time (e.g., 0.1 seconds). This loading time-temperature 

equivalence concept was used to adjust the high temperature for the SSR test. In this study, 

Equation (2.2) was used to find the adjusted temperature.  

( )2
1 2 3

10

T

T

p

p

a T a T a

t

a

a

x

+ +

=

=

 

(2.2) 

where 

ɝp = reduced load time, s,  

tp = load time, s, 

aT = time-temperature shift factor at T, 

T = temperature, , and 

a1, a2, a3 = time-temperature shift factor coefficients (taken as 0.0006, -0.1565, and 5.2315 

respectively for this calculation).  

 

Kim and Kim adopted a typical value for the time-temperature superposition shift factors 

to avoid running dynamic modulus to characterize rutting behavior. Further, they showed that 

assuming a typical value for these coefficients did not substantially impact rut depth prediction in 

the asphalt pavements they evaluated (Kim and Kim 2017). With these typical coefficients and 

given the temperature, Equation (2.1), and tp, 0.1 s, from AASHTP TP 116, the equivalent 

temperature considering 0.4 s of loading can be calculated using the equivalent reduced load 

time. Figure 2.3 shows the relationship between the two mentioned temperatures. In this figure, a 

linear relationship with a slope of 0.87 was found. Therefore, a factor of 0.87 was appended to 
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Mohseni and Azariôs effective temperature to determine the SSR testôs high temperature. The 

final form of the temperature model is shown in Equation (2.3). 

 

0.87 (58 7 15 ( 45))HT DD log z= ³ + ³ - ³ + (2.3) 

 

 
Figure 2.3. Adjusted temperature for 0.4 second loading time versus AASHTO TP116 effective 

temperature 

2.3.2. Low Temperature 

In the real pavement, the cumulative growth in pavement viscoplastic strain at low 

temperatures can be high owing to the high number of cycles that would be applied at this 

temperature. Therefore, the SSR low-temperature test results play an important role in the shift 

model calibration. For the TL, Kim and Kim suggested a fixed temperature of 20  (Kim and 

Kim 2017), but additional testing showed that 20  might be too low for some mixtures to 

experience enough permanent strain in the laboratory experiment to produce a reliable test result 

(Ghanbari et al. 2020). In a study of cyclic fatigue test temperature selection, Sabouri and Kim 

(2014) made the temperature a function of the climatic condition of the location where the 
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mixture would be used. Their method defined the test temperature as the average 98% reliability 

performance grade (PG) for the climate of interest minus three degrees. They argued that this 

temperature represented a typical mean annual temperature and the viscoplastic strain 

accumulation would be negligible (Sabouri and Kim 2014). In refining the SSR test, this concept 

of using the rule of climatic PG temperature was examined based on data in the NCSU database 

(see Table 2.2). First, the climatic PGs of different mixtures in the database were calculated. 

Second, the low temperature was selected as a function of the average PG. As a result, this study 

proposed the average climatic PG plus 5  as the candidate for the SSR low-temperature.  

As mentioned earlier, in the shift model the high temperature and low temperature should 

be far enough to cover a representative range of temperatures experienced in-service. In some 

climate regions though, the strict rule of PG grade plus 5C results in a low temperature that is 

less than 12  different from the TH. When the temperatures are this close, the shift model will 

be calibrated based on two close temperatures that do not cover a wide range of in-service 

temperatures. To avoid this problem, an upper limit for TL of 32  was chosen to reflect the 

mentioned temperature selection. In other climate regions, the strict rule results in TL that is 

likely too low to reliably test. Experience has shown that this lowest possible temperature is 

17  and so it was set as the lower possible temperature for TL. Table 2.1 presents the 

recommended test temperature (AASHTO TP 134). This table is constructed using Equation 

(2.4).  

17 5 32
2

H L
L

PG PGT
T

C C
T +

= ¯ ¢ + ¢ ¯ 
(2.4) 

where 

TL = SSR low temperature, , 
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THPG = high-performance grade with 98% reliability, , and  

TLPG = low-performance grade with 98% reliability, . 

Table 2.1. Recommended Test Temperature for Different PG Binder Grades 

  Test Temperature, °C 
 PG High Temperature, °C 

PG Low Temperature, °C 46 52 58 64 70 76 82 

-10 23 26 29 32 32 32 32 

-16 20 23 26 29 32 32 32 

-22 17 20 23 26 29 32 32 

-28 17 17 20 23 26 29 32 

-34 17 17 17 20 23 26 29 

-40 17 17 17 17 20 23 26 

-46 17 17 17 17 17 20 23 

 
 
Using the aforementioned temperature selection guidelines, various locations were 

selected across the U.S. and Canada to show the proposed test temperatures. Figure 2.4 presents 

some examples of the proposed test temperature for the different climatic conditions.  

 

Figure 2.4. Testing temperature map for some different sections in the US for (a) low 

temperature and (b) high temperature 

2.4. Background on the Permanent Deformation Shift Model  

As mentioned earlier, the shift model is a permanent deformation model for asphalt 

mixtures that accounts for the effects of deviatoric stress, load time, and temperature on the 
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permanent strain. In this study, some parts of the model have been modified. The modified shift 

model has been implemented into the pavement performance prediction program, FlexPAVETM, 

to predict the permanent deformation of asphalt layers under varying deviatoric stress levels, 

loading times, and temperatures as a function of pavement depth and time. The shift model 

consists of two important functions: the reference curve and the shift factor function. The shift 

factor consists of the load time and the stress-temperature shift function.  

2.4.1. Reference Curve 

A cornerstone of the shift model is that there exists a correspondence between the time of 

loading, temperature, and stress level. As such, the model makes a phenomenological 

supposition that there exists a single underlying function that dictates the permanent strain 

growth and that all other conditions can be analyzed using this curve if they are properly shifted 

by an amount related to the difference between the prevailing conditions of the test and those 

used to establish the underlying reference function. When developing this model, Kim and Kim 

(2017) explicitly characterized the reference curve by testing at a fixed temperature, fixed 

loading time, and a fixed stress level. However, as noted earlier, in the SSR test they eliminated 

the reference curve and instead used the first loading block of the test at TH to establish the 

reference condition. The strain master curve can be obtained from a repeated haversine pulse-rest 

loading with fixed vertical stress (689 kPa) and pulse-rest (0.4 s of loading followed by 3.6 s 

rest). This curve will be considered as the reference curve. In SSR test analysis, a reference curve 

can be constructed using the first 200 cycles observed at high temperature. 

Equation (2.5) shows the reference curve formulation. In this equation, NI, Ů0, and ɓ are 

the fitting coefficients. Their significance is as follows; NI shows the number of cycles in which 
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the secondary region starts, while (1-ɓ) and Ů0 are the slope and intercept of the permanent strain 

vs. the number of cycles curve in the log-log scale, respectively (Choi 2013). 
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where 

 Ů vp, ref  =  permanent deformation in reference curve, 

Ů0, NI, ɓ =  coefficients of the incremental model, and 

Nref  =  number of cycles at reference loading conditions. 

 

2.4.2. Shift Factors 

In the shift model, two different shift factors are defined. Equation (2.6) shows Equation 

(2.5) with respect to reduced cycles.  
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(2.6) 

 

where 

Ůvp  = viscoplastic strain, 

Nred  = reduced number of cycles, 

p
ax   = reduced load time shift factor, 

v
as   = vertical stress shift factor, 

ɝp  = reduced load time, s, 

ův  = vertical stress, kPa, 

Pa   = atmospheric pressure used to normalize the stress, kPa, and 

p1, p2, d1, and d2  = fitting coefficients. 
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2.5. Modification on the Shift Model 

As noted earlier, the shift model can predict the viscoplastic strain at any given 

temperature, pulse time, and vertical stress. In order to investigate the accuracy of this prediction, 

the viscoplastic strain at the SSR loading condition was predicted using Equation (2.6) and 

compared with the measured data. Figure 2.5 shows the SSR test results for the RS9.5B mixture 

(see Table 2.2), a typical surface mixture in North Carolina. More information on the test results 

and the mixture information can be found elsewhere (Kim et al. 2018). In this figure, the dashed 

line shows the predicted viscoplastic strain using Equation (2.6). 

  

Figure 2.5. Prediction of viscoplastic strain using the SSR test results for a) high temperature and 

b) low temperature 

The observation from Figure 2.5 shows that the shift model can reasonably predict the 

viscoplastic at high and low temperatures; however, the prediction accuracy, especially at low 

temperature, is not very good. This disagreement is related to the shift modelôs inability to 

capture the interactive effects of vertical stress and temperature, which in the model is captured 

by the vertical stress shift factor. To investigate the issue further, the effect of temperature on the 

vertical stress shift factor was studied using a database of different mixtures, the so-called NCSU 

TSS/SSR database. The general information on those mixtures is listed in Table 2.2. The detailed 
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information on these mixtures as well as test results can be found elsewhere (Kim et al. 2020, 

Ghanbari et al. 2020). 

Table 2.2. Materials Information (Kim et al. 2020, Ghanbari et al. 2020) 

Project, Location Test 
 

Label 
NMAS 

(mm) 

Binder 

Grade 

Air Voids 

(%) 

RAP 

Content (%) 

Binder 

Modification 

NCAT (National 

Center for Asphalt 

Technology), 

Alabama, USA 

TSS 

 AW1 9.5 PG 76-22 3.9 - Advera 

 AW2 19 PG 76-22 6.2 - Advera 

 AW3 19 PG 67-22 6.1 - Advera 

 C1 9.5 PG 76-22 4.3 - SBS 

 C2 19 PG 76-22 6.1 - SBS 

 C3 19 PG 67-22 7.4 - - 

 FW1 9.5 PG 76-22 4.9 - Foam 

 FW2 19 PG 76-22 6.0 - Foam 

 FW3 19 PG 67-22 7.7 - Foam 

 O1 9.5 PG 76-22 18.3 - SBS 

 O2 19 PG 76-22 5.1 - SBS 

 O3 19 PG 67-22 8.3 - - 

 R1 9.5 PG 67-22 4.7 50 - 

 R2 19 PG 67-22 6.1 50 - 

 R3 19 PG 67-22 5.0 50 - 

 RW1 9.5 PG 67-22 5.0 50 Foam 

 RW2 19 PG 67-22 5.8 50   

 RW3 19 PG 67-22 5.8 50   

KEC, South Korea TSS 

 ASTM 19 PG 64-22 5.9 - - 

 PMA 19 PG 76-22 5.9 - SBS 

 BB3 25 PG 64-22 8.0  - - 

 BB5 25 PG 64-22 9.9  - - 

New ALF (FHWA 

Accelerated Load 

Facility), 

Washington DC, 

USA 

SSR 

 Lane 1 12.5 PG 64-22 4.2 - - 

 Lane 5 12.5 PG 64-22 4.1 40 - 

 Lane 6 12.5 PG 64-22 4.0 20 - 

 Lane 7 12.5 PG 58-28 4.2 20% RAS - 

 Lane 8 12.5 PG 58-28 4.3 40 - 

Old ALF (FHWA), 

Washington, DC, 

USA 

TSS 

 Control 12.5 PG 70-22 4.1 - - 

 CR-TB 12.5 PG 70-28 4.3 -   Crumb Rubber 

 SBS 12.5 PG 70-28 4.2  -  SBS 

NCDOT, NC, USA SSR 

 RS9.5B 9.5 PG 64-22 5.6 30 Foam 

 RS9.5C 9.5 PG 70-22 5.4 25 - 

 RB25C 25 PG 64-22 5.5 20 - 

 RI19B 19 PG 64-22 5.4 20 - 

 RI19C 19 PG 64-22 5.6 30 - 

MIT (Manitoba 

Infrastructure 

Transportation), 

Manitoba, Canada 

 

TSS 

 15R 16 PG 58-28 5.2 15 - 

 50R 16 PG 58-28 5.9 50 - 

 50RSB 16 PG 52-34 5.7 50 - 

 Control 16 PG 58-28 5.4 - - 

 MIT-A1 16 PG 58-28 3.0 - Advera 

 MIT-A2 16 PG 58-28 5.4 35 Advera 

 MIT-C1 16 PG 58-28 3.9 - - 

 MIT-C2 16 PG 58-28 4.8 35 - 

  MIT-E1 16 PG 58-28 3.8 - Evotherm 

  MIT-E2 16 PG 58-28 5.4 35 Evotherm 

  MIT-S1 16 PG 58-28 3.2 - Sasobit 

  MIT-S2 16 PG 58-28 4.9 35 Sasobit 
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Figure 2.6 shows the vertical stress shift factors from the SSR test results on the RS9.5B 

mixture. This figure shows aův for three vertical stresses (483, 689, and 896 kPa) and two 

temperatures (20 and 54 ). This figure indicates a temperature dependency in the vertical 

stress shift factor; however, in Equation (2.6), aův is only a function of vertical stress and not a 

temperature. This analysis was repeated for each mixture listed in Table 2.2, and in all cases, the 

temperature sensitivity of the vertical stress shift factor was observed. It was concluded that there 

is a relationship between the temperature and d1 and d2, requiring Equation (2.6) to be modified. 

 
Figure 2.6. Vertical stress shift factor versus stress for different test temperatures 

Based on the shift model assumption, the vertical stress shift factor (aův) at the reference 

vertical stress (689 kPa) should be zero. Therefore, in Equation (2.6), when aův = 0 and ův is 

known (689 kPa), d2 could be written as a function of d1. Figure 2.7 shows the relationship 

between d1 and d2 for 47 mixtures listed in Table 2.2. The figure confirms that d1 and d2 are 

strongly correlated with the factor of -0.877. Accordingly, parameter D can be introduced to 

replace d1 and d2 using Equation (2.7). 
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Figure 2.7. d2 versus d1 for different mixtures  
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As mentioned earlier, it was found that D is a function of temperature. Given the SSR test 

is performed at two test temperatures, a linear relationship is the simplest function to relate D 

and temperature. In this chapter, the validity of assuming a linear relationship between D and 

temperature is investigated using the TSS test data from different mixtures listed in Table 2.2. 

Figure 2.8 presents an example showing the parameter D versus temperature for the MIT-RAP 

project. In this study, the TSS test results from four different mixtures with different %RAP 

contents were selected and presented. The TSS tests were performed at 19, 36 , and 48  

(Kim et al. 2020).  

 In this method, the results from low temperature (19) and high temperature (48) 

were chosen to find the linear relationship between D and temperature. In the next step, the 

predicted D for the intermediate temperature (36) was compared to the calculated D from the 

TSS test results. As shown in Figure 2.8, assuming a linear relationship between D and 

temperature seems reasonable and the error in predicting D for intermediate temperature is 

negligible. This study was repeated using all of the mixtures (which were tests in TSS condition) 
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listed in Table 2.2 and the maximum error for predicting D was less than 10% for all of the 

cases. Therefore, Equation (2.8) was proposed as the final form of the vertical stress shift factor.  

 

Figure 2.8. D versus temperature for the MIT project  

(log( / ) 0.877)
v v aa D Ps s= ³ -  

1 2D d T d= ³ + 

  (2.8) 

In summary, Equation (2.9) expresses the final form of the shift model using the modified 

vertical stress shift factor. This equation is presented in AASHO TP 134 as the final form of the 

permanent deformation shift model. D represents the slope of the stress shifting due to the 

change in the vertical stress level. It needs to be noted when the shift model is applied to 

pavement rutting simulations under varying temperatures, Equation (2.8) can yield negative D 

values at low temperatures. Based on the shift modelôs assumption, the vertical stress shift factor 

for the stress levels higher than the reference stress (689 kPa) should be positive. Negative D 

values lead to a negative shift factor for the stress levels higher than the reference stress, which 

contradicts the modelôs assumption. Therefore, Equation (2.8) is valid only for the positive D 

values and for negative values, D will be zero.  
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(2.9) 

 

 

where  

D  = vertical stress shift factor coefficient,  

d1, d2  = linear regression coefficients, and 

T = test temperature, °C 

 

Figure 2.9 shows the prediction of the viscoplastic strain using Equation (2.9). 

Comparing the predicted viscoplastic strain using Equation (2.6) and Equation (2.9) with the 

measured data shows that the vertical stress shift factorôs temperature sensitivity is captured by 

modifying the model and improved the prediction accuracy.  

  
Figure 2.9. Prediction of viscoplastic strain using the original model (Equation (2.6)) and 

modified model (Equation (2.9)) for a) high temperature and b) low temperature 
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2.6. Implementing the Shift Model in FlexPAVETM  

The shift model is implemented in FlexPAVETM program to evaluate the rut depth of 

asphalt pavement. This model can simulate the effects of temperature, load time, and the stress 

on permanent deformation. The implementation of these three parameters in FlexPAVETM is 

discussed below. 

2.6.1. Temperature 

Pavement temperature has a substantial effect on the rutting performance in asphalt 

pavement. Also, the number of occurrences of a particular temperature is important. Low 

temperatures produce very low strain levels but occur frequently, so the cumulative strain due to 

low temperatures may not be insignificant. In that sense, both the distribution and number of 

occurrences of temperatures should be considered simultaneously.  

The temperature through the depth is an input in FlexPAVETM program. FlexPAVETM 

program incorporates a pavement temperature database of different locations across the US 

characterized using the Enhanced Integrated Climate Model (EICM) (NCHRP 1-37A). The 

EICM is a one-dimensional coupled heat and moisture flow model that has been improved and 

integrated with a moisture transport model as well as phenomenological and empirical functions 

to predict the impact of moisture and temperature on soils. The EICM generates pavement 

temperatures with respect to pavement depth. The users can select the location of interest, and 

FlexPAVETM program uses the temperature for each segment of analysis as the needed 

temperature for the pavement responses and the rut depth calculation. 

2.6.2. Vertical  Stress  

The vertical stress at any point in a pavement structure depends on different factors; 

temperature, load level, vehicle speed, pavement structure, and unbound material modulus. 
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FlexPAVETM calculates the stresses at all points of the aggregate structure by considering all of 

the mentioned factors. The program starts by dividing the asphalt layer into ten sublayers and in 

each sublayer, the finite element method will be applied and the responses will be calculated at 

each node. The results from FlexPAVETM show the maximum vertical stress in each sublayer 

occurs under the wheel path. Figure 2.10 illustrates the change in the peak of vertical stress at the 

center of the wheel path when a vehicle is passing. As expected, the peak of vertical stress 

decreases as the depth increases.  

 
Figure 2.10. Vertical Stress Peak through the depth  

2.6.3. Load Time Distribution through the Depth 

Among the mentioned parameters of the shift model, determining the pulse (load) time is 

the most challenging issue. The shift model is calibrated based on haversinusoidal loading in the 

laboratory condition; however, loading in the pavement structure is not a perfect haversinusoidal 

shape. Figure 2.11 shows the response loading calculated by FlexPAVETM for a 10 cm asphalt 

layer on top of 20 cm of aggregate base. In this figure, the vertical stress responses for different 

depths of 0, 5, and 10 cm over the loading time are shown. As seen in the figure, the shape of 
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these responses is not in perfect haversinusoidal form. The response deviation from the 

haversinusoidal shape will be more vigorous as it gets deeper into the pavement.  

Load time is the duration that the element is applied to the vertical stress (Choi 2013). 

One way to find the load time could be fitting a haversinusoidal function to the vertical stress 

over the time calculated by FlexPAVETM (as shown in Figure 2.11), but performing this fitting 

process for every node in FlexPAVETM would increase the total runtime of the analysis 

significantly. FlexPAVETM
 requires the load time distribution through depth. To determine this 

distribution, the vertical stress through the depth was considered in the analysis. Figure 2.11 

shows the vertical stress shape for different depths in the pavement section. In this study, the 

points under the wheel path along the depth were considered as the case study. These points have 

the highest vertical stress, and as a result, the highest viscoplastic strain compared to the other 

nodes at the same depth. Based on FlexPAVETM results, the maximum vertical stress decreases 

and the load time increases as it gets deeper into the pavement.  
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Figure 2.11. Response calculation by FlexPAVETM for a 10 cm asphalt layer in the depth of a) 0, 

5, and 10 cm, b) 0 cm (Surface), c) 5 cm, and d) 10 cm. 

In this study, Equation (2.9) was used to evaluate how the shift model captures the effect 

of load time on the viscoplastic strain. Next, a relationship was identified between the pulse time 

and pavement depth. Based on Equation (2.9), the viscoplastic permanent strain is a function of 

pulse time and vertical stress. Equation (2.10) presents that the effect of load time and vertical 

stress will be shown in the power of p1* (1-ɓ) and D* (1-ɓ), respectively. In order to capture the 

effect of pulse time and vertical stress, a ů D*(1-ɓ) versus tp p1*(1-ɓ)
 plot was constructed for each 

element through the pavement depth. Based on Equation (2.10), the area under the mentioned 

curve can be correlated with the viscoplastic strain. Figure 2.12 shows an example of the 

aforementioned plots.  
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Figure 2.12. Stress versus load time plot  

In this study, the effective rutting pulse time (tp*)  was defined. In order to obtain the 

effective pulse time, the area under the response stress curve was first calculated (Figure 2.12), 

then the haversine curve was used using the same stress peak on the y-axis with the equal area of 

the response curve. In other words, in Figure 2.12, the area under the response and haversine 

curves are equal. So the effective pulse time, tp* is defined as the load time of the haversine 

curve. The detailed calculation is presented in Equation (2.11). Therefore, the effective pulse 

time can be calculated for every point under the wheel path through the depth at any given 

temperature. This approach was implemented in FlexPAVETM to predict the pavement rut depth. 

The rut depth prediction using the mentioned methodology was performed for different materials 

listed in Table 2.2. 
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(2.11) 

where 
'

zzs  = ( )
( )1D

zz

b
s

-
, 

'

maxs  = ( )
( )1

max

D b
s

-
, 

't  = ( )1 1p
t

b-
, 

tpeak  = 't at the peak of the stress response curve, and 

maxs  = vertical stress at the peak of the response curve. 

 

As noted earlier, the effective pulse time calculation requires significant computation 

time. Choi has proposed a simple relationship to find the pulse time at any given depth (Choi 

2013). In this study, the accuracy of this relationship is investigated by comparing the effective 

pulse time from Equation (2.11). Choi proves that normalized load time (the load time at a given 

depth over the load time at the surface) is independent of the vehicle speed. He proposed a 

relationship for the pulse time throughout the pavement depth (Choi 2013). Equation (2.12) 

presents the pulse time at any given depth. This equation shows the relationship with the depth 
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and normalized effective rutting pulse time. In this equation, t0* represents the pulse time right 

below the tire on the pavementôs surface. t0* can be calculated knowing the tire pressure as well 

as vehicle design speed. On the other hand, tp* shows the rutting effective pulse time at a certain 

depth under the wheel path. So tp*
 can be obtained knowing t0* and depth 

*

*

0

0.151 0.849
pt

depth
t
= ³ +  

(2.12) 

where  

t*p = pulse time throughout the pavement depth, s,  

t*0 = pulse time at the surface, s, and 

depth = pavement depth, in. 

 

Figure 2.13 shows the different effective pulse times calculated by Equation (2.11) and 

Equation (2.12) for different nodes under the wheel path through the depth in January and June. 

These two months were selected to be presented as they represent extreme cases of low and high 

temperatures. This plot can be changed with different material properties, temperature, and 

loading condition. This study was repeated on different mixtures listed in Table 2.2 and the rut 

depth prediction was compared using two different approaches: equivalent area Equation (2.11) 

and linear equation, Equation (2.12).  

Figure 2.14 shows the FlexPAVETM prediction using the two mentioned approaches for 

the RS9.5B mixture. Using the linear relationship, Equation (2.12) gives approximately the same 

rut depth prediction as the equivalent area method, Equation (2.11). Essentially the same result 

was obtained for all mixtures from Table 2.2 that were evaluated. Overall the difference between 

predicted rut depth after 20 years of design for two different approaches was less than 10%. It 

needs to be noted that the execution runtime in the linear equation method is one-fifth of the 

equivalent area method. Given the time saved by using the linear equation as well as acceptable 
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results from different mixtures, the linear equation method was selected to be implemented in 

FlexPAVETM to calculate the pulse time through the depth.  

 
Figure 2.13. Normalized effective pulse time distribution over the depth for a 10 cm thick 

pavement in the cold season (January) and hot season (June)  

 
Figure 2.14. Rut depth versus time using equivalent area and linear equation concept 
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measurements and FlexPAVETM predictions for the NCAT project. In this project, the results 

from six different pavement sections were used. This figure shows that FlexPAVETM can rank 

different mixtures very well. Figure 2.16 also shows the prediction of rut depth for various 

projects from different climatic conditions. In this figure, the results from four various projects 

have been shown. These projects are from NCAT, KEC, and MIT (see Table 2.2). These 

projectsô details can be found elsewhere (Kim et al. 2020, Ghanbari et al. 2020, Wang et al. 

2020b). For each project, FlexPAVETM was run to predict the rut depth knowing the design 

traffic, pavement structure, and project location. In this figure, the y-axis shows the measured 

total rut depth, and the x-axis indicates the rut depth in the asphalt layer. The basis of this 

comparison comes from the fact that in these projects, the base and subgrade rutting was 

negligible in comparison with rutting in the asphalt layer (Wang et al. 2020b). So this graph can 

be used to validate the shift model using different mixtures, traffic, and climatic conditions. It 

needs to be noted that the transfer function was not employed in this study. Based on Figure 

2.16, a comparison of simulation results with the field measurements indicates that FlexPAVETM 

can reasonably predict rut depths in the field, and it captures the trends accurately. 

 
Figure 2.15. Comparison of rut depth measurements and FlexPAVETM predictions for NCAT 

project 
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Figure 2.16. Comparison of rut depth measurements and FlexPAVETM predictions in different 

projects 

2.8. Conclusions and Future Work 

This chapter presents a methodology to predict the rut depth in the asphalt pavement 

section. In order to predict the rut depth, the permanent deformation shift model was used. The 

SSR test results were also used to calibrate the permanent deformation shift model. In this 

chapter, some parts of the shift model and the SSR test temperature selection were modified. The 

modified shift model was then implemented in FlexPAVETM program. The conclusions and 

future work are summarized as follows: 

¶ The SSR test and permanent deformation shift model can be used as an efficient 

method to characterize asphalt mixturesô rutting behavior.  

¶ Temperature, vertical stress, and load time are three important components of the 

shift model. FlexPAVETM program can be used to simulate these components 

along the depth. 

¶ The linear relationship for the pulse time distribution through the depth is simple 

but approximately accurate, given the time saved for the response analysis. 
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¶ The rut depth predicted by FlexPAVETM was compared with the field rutting 

performance and showed a good correlation. 

¶ The agencies can determine the rutting resistance of their asphalt mixtures using 

realistic moving loads, the pavement structure, and climatic conditions of the 

location where the mixture would be used. 

¶ The preliminary transfer function can be found by collecting more test results 

from different pavement sections.
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CHAPTER 3. DEVELOPMENT OF A RUT TING INDEX PARAMETER  BASED ON 

THE STRESS SWEEP RUTTING TEST AND PERMAN ENT DEFORMATION SHIF T 

MODEL 2 

The use of index parameters to evaluate asphalt mixturesô performance has become a common 

and important process for making informed pavement material decisions. These index 

parameters are quick indicators of asphalt mixture performance and thus are widely used in the 

asphalt paving industry. This chapter presents a new rutting index parameter to assess the rutting 

resistance of asphalt mixtures using the stress sweep rutting test and the permanent deformation 

shift model. The proposed parameter, referred to as the Rutting Strain Index (RSI), is novel in 

that it integrates material testing and structural simulations. To develop the RSI index parameter, 

more than 70 different mixtures that exhibited a wide variety of performance and sourced from 

different geographical locations were selected and evaluated. The results show that the RSI is 

able to capture the effects of different mix design factors, such as RAP content, binder content, 

and volumetric properties. Furthermore, a set of RSI threshold values are proposed for different 

allowable traffic levels in terms of rutting. As engineers become familiar with the RSI, the RSI 

threshold values can be adjusted according to the local experience. The RSI also can be 

employed by agencies as a tool for PEMD and quality assurance purposes, whereby agencies 

will be able to accept or reject a mixture based on RSI thresholds. 

3.1. Introduction  

Asphalt pavements constitute one of the largest infrastructure systems in the world. 

Rutting (permanent deformation) is one of the most concerning pavement distresses for 

                                                 
2 This chapter has been published as Ghanbari, A., Underwood, B. S., and Kim, Y. R. (2020). Development of a 

rutting index parameter based on the stress sweep rutting test and permanent deformation shift model. International 

Journal of Pavement Engineering, 1-13. 
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engineers and the pavement industry. Several tests have been developed and used in asphalt 

pavement studies to evaluate the resistance of asphalt mixtures to permanent deformation 

(rutting). The most well-known tests include: 1) the Marshall stability test (AASHTO T 245), 2) 

the Superpave shear tester (SST) test (AASHTO T 320), 3) wheel-tracking tests such as the 

Hamburg wheel-tracking test (HWTT) (AASHTO T 324), the French rutting test (EN 12697-22), 

and the asphalt pavement analyzer (APA) test (AASHTO T 340), 4) the triaxial repeated load 

permanent deformation (TRLPD) test (AASHTO T 378), 5) the incremental repeated load 

permanent deformation (iRLPD) test (AASHTO TP 116), and 6) the triaxial stress sweep (TSS) 

test (Choi and Kim 2014). Broadly, these tests can be characterized as being fully empirical 

(Marshall stability test), simulative (wheel-tracking tests), or representative of a stress state 

(SST, TRLPD, iRLPD, and TSS tests). Each test shares similarities in that a test is performed, 

typically at a fixed temperature or one that represents the location where the mixture will be 

placed, and from the test itself, some parameter is extracted and reported. 

Agencies tend to gravitate towards one of these tests based on either known performance 

correlations determined through parametric studies or engineering experience, simplicity, and 

compatibility with the agencyôs existing expertise and equipment, or a combination of these two 

factors. Tests and indices have been implemented differently across different agencies. For 

example, the HWTT, which is one of the most common tests, produces rutting by rolling a 705-

N (158-lb) steel wheel on the surface of two asphalt specimens. In the AASHTO T 324 standard 

version of the HWTT, the specimens are submerged in a temperature-controlled water bath and 

the loading stops after 20,000 passes. At this point, the rut depth caused by the steel wheels is 

recorded (AASHTO T 324). For most agencies, the rut depth after 20,000 cycles of loading at 

50  is considered to be the index threshold for the test. However, there is no consensus on the 
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rut depth threshold after 20,000 cycles and all states and agencies have their own rules based on 

their climatic location (Jahangiri et al. 2019). As an example, in Louisiana, maximum rut depths 

of 6 mm and 10 mm at 20,000 passes for high and medium traffic levels, respectively, were 

established (Mohammad et al. 2016). In Illinois, the number of wheel passes needed to produce a 

rut depth of 12.5 mm is the criterion used to accept or reject the mixture, and this threshold 

changes based on the high-temperature performance grade (PG) of the asphalt binder used (Al 

Qadi et al. 2015). These are but two examples related to the HWTT, as other agencies also differ 

in their precise testing implementation.  

Table 3.1 summarizes some of the common tests and index parameters that are currently being 

used by different agencies to evaluate rutting. As noted, different states use different threshold 

values to evaluate the rutting performance of asphalt mixtures in the lab and to accept or reject 

the proposed mix design. 
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Table 3.1. Summary of Common Rutting Performance Tests 

Test 
AASHTO 

Standard 

Specimen 

Height x  

Diameter 

(mm) 

Loading Conditions Temp. 

Performanc

e Prediction 

Model 

Index 

Marshall 

Stability 
T 245 63.5 x 100 

Monotonic at a rate of 

50 mm/min 

diametrically 

60 No 
Maximum 

load  

HWTT T 324 60 x 150  
Rolling a 705-N steel 

wheel at 52 passes/min 
150 No 

Rut depth 

stripping 

inflection 

point 

APA T 240 75 x 150 
Rolling a 445-N wheel 

over an air hose  

High-

temperature PG 
No Rut depth 

TRLPD  T 378 150 x 100 

Repeated 

haversine axial 

compressive load pulse 

of 0.1 s every 1.0 s 

2Effective 

temperature  
Yes 

Flow 

number 

iRLPD TP 116 150 x 100 

Repeated 

haversine axial 

compressive load pulse 

of 0.1 s every 1.0 s 

while varying the 

applied vertical stress 

3Effective 

temperature 
Yes 

Minimum 

Strain Rate  

1The temperature is not specified in the AASHTO standard; 50  is recommended by Tex-242-F. 
2The effective temperature is based on critical depth and mean annual air temperature data. 
3The effective temperature is based on degree-days and depth from the surface. 

 

This chapter presents a new rutting index parameter, the Rutting Strain Index (RSI), to 

aid pavement engineers in determining whether a given mixture is likely to exhibit sufficient 

permanent deformation resistance and/or to help them select among multiple material 

alternatives for the given climatic conditions. The test method and the supporting model that 

form the basis of the proposed RSI is first presented. The RSI is applied to more than 70 

mixtures with a wide range of mixture factors and from different climatic regions to determine 

its reasonableness and establish initial target threshold values. 
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3.2. Background of Stress Sweep Rutting Test 

 

The RSI parameter developed in this study is based ultimately on the outcomes of stress 

sweep rutting (SSR) tests. The initial motivation for the SSR test emerged through the NCHRP 

9-19 project, which showed that asphalt mixtures, when subjected to deviatoric axial loads in a 

confined state, exhibit sensitivity to load level, loading history, and temperature (Witczak et al. 

2001). Subsequent work confirmed these findings (Choi et al. 2012, Subramanian et al. 2013, 

Azari and Mohseni 2013) and also showed that the amount of rest time between load repetitions 

could also influence permanent strain accumulation (Choi et al. 2012). Asphalt mixtures in 

pavement structures seem to have a similar dependence on loading, temperature, and rest time 

and, as a result, these findings have been used to define material models of varying complexity 

and applicability (Witczak et al. 2001). For example, the SSR test, like several other tests, is 

designed to calibrate a mechanistic-empirical model that describes an asphalt mixtureôs 

permanent strain behavior as a function of temperature, stress, and loading time. The permanent 

deformation model that is supported by the SSR test is referred to as the shift model and has been 

implemented into a finite element program, FlexPAVETM, that calculates the permanent 

deformation of asphalt pavement under different traffic loading and climatic conditions over a 

multi-decade period.  

The shift model is based on the concept of time-temperature-stress superposition, wherein 

the equivalency of these three factors is considered through the horizontal translation of cycle-

wise permanent strain accumulation curves at these different conditions. The strain curve that is 

created following the horizontal shift is called the permanent strain mastercurve and the amount 

of translation is defined as the shift factor. This approach is conceptually the same as that taken 

to derive the dynamic modulus mastercurve and its predictions using the shift function.  
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Details of the calibration process are given elsewhere (Kim and Kim 2017, Kim et al. 2020), but, 

in short, the overall SSR test consists of four tests at two different temperatures (i.e., the test at 

each temperature is replicated). The first temperature (TL) is a relatively low temperature 

representing the average air temperature, and the second temperature (TH) a relatively high 

temperature representing summertime temperatures. The actual temperatures used in the test are 

indexed to the climate conditions of the location where the mixture will be used. The load profile 

consists of repeated haversine loading with a 0.4-s pulse time and either a 1.6-s (at TL) or 3.2-s 

(at TH) rest period. The specimen is confined at a pressure of 70 kPa (10 psi). The deviatoric 

stress increases from 482 kPa, 689 kPa, and 896 kPa (70 psi, 100 psi, and 130 psi) at TL, but the 

changed sequence of 689 kPa, 482 kPa, and 896 kPa (100 psi, 70 psi, and 130 psi) is used at TH. 

Once the testing is finished, the four test results are used to characterize the shift model. The 

final form of this process is presented as Equation (3.1). Details of the SSR test, fabrication, and 

analysis of the test results can be found elsewhere (AASHTO TP 134). 
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where  

Ůvp  = viscoplastic strain (permanent strain), 

Ů0, NI, ɓ   = coefficients of the incremental model, 

N  = number of cycles for a certain loading condition,  

ɝp  = reduced load time, s, 
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aɝp  = reduced load time shift factor,  

ův   = vertical stress, kPa, 

Pa  = atmospheric pressure, kPa,  

aův  = vertical stress shift factor, 

D   = vertical stress shift factor coefficient,  

d1, d2, p1, p2  = linear regression coefficients, and  

T  = test temperature, °C. 

 

3.3. Materials 

This study used 72 asphalt mixtures from several different climate regions. These 

mixtures include surface, intermediate, and base layers and contain different aggregate types, 

binder contents, volumetric, and gradations. Many of these mixtures also contain reclaimed 

asphalt pavement (RAP), warm mix asphalt additives, and/or polymer-modified asphalt. Table 

3.2 presents information for the surface layer materials and Table 3.3 for the intermediate and 

base layer materials. Additional information about these mixtures can be found elsewhere (Kim 

et al. 2020, Wang et al. 2019). 
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Table 3.2. Materials Information for Surface Layers 

Project, Location Label 
NMAS 

(mm) 
Binder Grade 

Air Voids 

(%) 

RAP 

Content (%) 

Binder 

Modification 

NCAT (National 

Center for 

Asphalt 

Technology), 

AL, USA 

NCAT-C1 9.5 PG 76-22 4.3 - SBS 

NCAT-O1 9.5 PG 76-22 18.3 - SBS 

NCAT-FW1 9.5 PG 76-22 4.9 - Foam 

NCAT-AW1 9.5 PG 76-22 3.9 - Advera 

NCAT-R1 9.5 PG 67-22 4.7 50 - 

NCAT-RW1 9.5 PG 67-22 5.0 50 Foam 

KEC, South 

Korea 

ASTM 19 PG 64-22  5.9 - - 

PMA 19 PG 76-22 5.9 - SBS 

NCSU ï PEMD 

(NCSUï 

Performance-

Engineered Mix 

Design), NC, 

USA 

RS9.5B 9.5 PG 64-22 4.2 20 - 

C50-33 9.5 PG 64-22 3.3 20 - 

C50-54 9.5 PG 64-22 4.1 20 - 

C50-55 9.5 PG 64-22 5.5 20 - 

C50-57 9.5 PG 64-22 7.1 20 - 

C70-33 9.5 PG 64-22 3.0 20 - 

C70-53 9.5 PG 64-22 3.2 20 - 

C70-55 9.5 PG 64-22 4.9 20 - 

C70-57 9.5 PG 64-22 6.9 20 - 

 (FHWA ALF), 

Washington DC, 

USA 

L1 12.5 PG 64-22 4.2 - - 

L5 12.5 PG 64-22 4.1 40 - 

L6 12.5 PG 64-22 4.0 20 - 

L7 12.5 PG 58-28 4.2 20% RAS - 

L8 12.5 PG 58-28 4.3 40 - 

MaineDOT, ME, 

USA 

159352 12.5 PG 64E-28 7.2 20 Polymer 

159352B 12.5 PG 64E-28 3.1 20 Polymer 

159353 12.5 PG 64E-28 4.4 20 Polymer 

159354A 12.5 PG 64E-28 4.9 20 Polymer 

159354B 12.5 PG 64E-28 5.8 20 Polymer 

159355 12.5 PG 64E-28 2.2 20 Polymer 

159358 12.5 PG 64E-28 4.6 20 Polymer 

159360 12.5 PG 64E-28 2.4 20 Polymer 

159361 12.5 PG 64E-28 7.6 20 Polymer 

159362 12.5 PG 64E-28 5.8 20 Polymer 

MaineDOT, Mix 

Design, ME, 

USA 

Low (AC-0.5%) 12.5 PG 64-28 4.7 20 - 

Aim (AC-Target) 12.5 PG 64-28 4.7 20 - 

Mid (AC+0.5%) 12.5 PG 64-28 4.7 20 - 

High (AC+1%) 12.5 PG 64-28 4.7 20 - 

Old ALF, 

Washington, DC, 

USA 

Control 12.5 PG 70-22 4.1 - - 

CR-TB 12.5 PG 70-28 4.3 -   Crumb Rubber 

SBS 12.5 PG 70-28 4.2  -  SBS 

NCDOT, NC, 

USA 

RS9.5B 9.5 PG 64-22 5.6 30 Foam 

RS9.5C 9.5 PG 70-22 5.4 25 - 

MIT (Manitoba 

Infrastructure 

Transportation), 

Manitoba, 

Canada 

C1 16 PG 58-28 3.9 - - 

S1 16 PG 58-28 3.2 - Sasobit 

E1 16 PG 58-28 3.8 - Evotherm 

A1 16 PG 58-28 3.0 - Advera 

Control 16 PG 58-28 5.4 - - 

15R 16 PG 58-28 5.2 15 - 

50R 16 PG 58-28 5.9 50 - 

50RSB 16 PG 52-34 5.7 50 - 
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Table 3.3. Materials Information for Intermediate and Base Layers 

Project, 

Location 
Label 

NMAS 

(mm) 

Binder 

Grade 

Air Voids 

(%)  

RAP Content 

(%)  

Binder 

Modification   

NCAT (National 

Center for 

Asphalt 

Technology), 

AL, USA 

 

NCAT-C2 19 PG 76-22 6.1 - SBS 

NCAT-C3 19 PG 67-22 7.4 - - 

NCAT-O2 19 PG 76-22 5.1 - SBS 

NCAT-O3 19 PG 67-22 8.3 - - 

NCAT-FW2 19 PG 76-22 6.0 - Foam 

NCAT-FW3 19 PG 67-22 7.7 - Foam 

NCAT-AW2 19 PG 76-22 6.2 - Advera 

NCAT-AW3 19 PG 67-22 6.1 - Advera 

NCAT-R2 19 PG 67-22 6.1 50 - 

NCAT-R3 19 PG 67-22 5.0 50 - 

NCAT-RW2 19 PG 67-22 5.8 50   

NCAT-RW3 19 PG 67-22 5.8 50   

KEC, South 

Korea 

BB1 40 PG 64-22 6.0  - - 

BB3 25 PG 64-22 8.0  - - 

BB5 25 PG 64-22 9.9  - - 

MIT (Manitoba 

Infrastructure 

Transportation), 

 Manitoba, 

Canada  

C2 16 PG 58-28 4.8 35 - 

S2 16 PG 58-28 4.9 35 Sasobit 

E2 16 PG 58-28 5.4 35 Evotherm 

A2 16 PG 58-28 5.4 35 Advera 

NCDOT, NC, 

USA 

RB25C 25 PG 64-22 5.5 20 - 

RI19B 19 PG 64-22 5.4 20 - 

RI19C 19 PG 64-22 5.6 30 - 

Note: NMAS is nominal maximum aggregate size, RAP is reclaimed asphalt pavement, SBS is 

styrene-butadiene-styrene, KEC is Korea Expressway Corporation, FHWA is Federal Highway 

Administration, NCDOT is North Carolina Department of Transportation. 
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3.4. Using SSR Test Results to Define the Proposed Rutting Index Parameter 

The SSR test characterizes mixture behavior, which in turn can be input to structural 

analysis. In this study, two candidates were considered for the SSR test-based rutting index 

parameter. The first is the permanent strain that is predicted using the shift model under repeated 

haversine loading (0.1-s pulse and 0.9-s rest) at a fixed temperature and stress level. The second 

is a performance simulation of a standard pavement structure under a realistic load level and 

thermal history. 

3.4.1. Permanent Strain under Repeated Loading 

The permanent strain at 12,000 cycles at a reference temperature under TRLPD test 

conditions can be predicted based on the shift model. For this simulation, the pulse time, vertical 

applied stress, and temperature are fixed. Therefore, in the shift model, parameters ɝp, ůV, and T 

each have a constant value. Rearranging the functions with this constraint yields Equation (3.2) 

where all the SSR test parameters (Ů0, NI, ɓ, d1, d2, p1, and p2) are known once the SSR tests and 

characterization process have been completed.  
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(3.2) 

The National Center for Asphalt Technology (NCAT) test track materials were used to 

demonstrate the benefits and limitations of this approach because some of the field performance 

of those materials had already been measured. For the evaluation process, predictions were made 

based on two vertical applied stress levels (482 kPa and 689 kPa) and two temperatures (30°C 

and 50°C). The loading time for all simulations was 0.1 s with a 0.9-s rest period. The permanent 

strain after 12,000 cycles was calculated for each mixture and used as the index threshold value. 
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In this chapter, the permanent strain is designated as ŮTRLPD. The ŮTRLPD was calculated for 

different mixtures and compared to the field results.  

Figure 3.1 shows the permanent deformation behavior for the different surface layers 

used in the NCAT project. As shown, the shift model can predict the permanent strain behavior 

and differentiate, or rank, the mixtures (see Table 3.4). However, the rankings vary based on the 

temperature and loading conditions. Therefore, using a single loading condition to evaluate the 

asphalt mixtures is efficient, but may not fully represent the mixtureôs behavior. Since field 

performance is a consequence of rutting across all layers of the system, and so, direct 

comparisons of the field performance and these rankings are not possible. The total rut depth was 

measured in this study. In order to find the rut depth in each layer, FlexPAVETM was used to 

simulate the pavement structure, and the rut depth was predicted for each asphalt layer within the 

pavement section. Knowing the total rut depth and the rut depth for each layer, the contributing 

percentage of each asphalt layer could be calculated. Therefore, based on the rutting percentage 

of each layer obtained from FlexPAVETM and knowing the measured total rut depth, the rut 

depth for each layer could be estimated. 
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Figure 3.1. Permanent strain predictions using triaxial repeated loading under different vertical 

stress and temperature conditions: a) 482 kPa and 30°C, b) 482 kPa and 54°C, c) 689 kPa and 

30°C, and d) 689 kPa and 54°C. 

Table 3.4. Rankings Based on Viscoplastic Strain for Surface Layers in NCAT Project 

Section Label 

Rankinga 

54°C 

689 kPa 

54°C 

482 kPa 

30°C 

689 kPa 

30°C 

482 kPa 
Fieldb 

Evotherm NCAT-AW1 4 4 4 5 1 

RAP+WMA NCAT-RW1 2 2 5 4 2 

Foam NCAT-FW1 1 1 2 3 3 

Control NCAT-C1 3 3 3 2 4 

OGFC NCAT-O1 6 6 1 1 5 

RAP NCAT-R1 5 5 6 6 6 

Note: aA larger number in ranking stands for more permanent deformation. bThe field rankings 

are estimated based on the total rut depth for each section. RAP is reclaimed asphalt pavement, 

WMA is warm mix asphalt, and OGFC is open-graded friction course. 

 

3.4.2. Pavement Performance Simulations 

Pavement performance prediction software, such as FlexPAVETM, can simulate the stress 

distribution in a pavement structure and consider the interactive effects of climate, load, and 
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subsurface conditions (Wang et al. 2018, Kim et al. 2020). A comparison of simulation results 

and field measurements indicates that the shift model can predict rut depths in the field very 

well. Figure 3.2 presents a comparison of the rut depth measurements and FlexPAVETM 

predictions for the NCAT project. For this project, the as-constructed pavement structure was 

input to FlexPAVETM along with the climate data from Auburn, Alabama (the NCATôs location), 

the back-calculated base and subgrade modulus values at the test track, the shift model 

parameters determined from the SSR test, and the dynamic modulus value for each material. 

FlexPAVETM then used data obtained from the Enhanced Integrated Climatic Model (EICM) to 

predict the pavement temperatures and eventually the rutting in the asphalt mixture layers. Figure 

3.3 presents the predictions of rut depths for different projects for different climatic conditions 

and different structures. Details can be found elsewhere (Wang et al. 2018, Kim et al. 2020). For 

each project, FlexPAVETM could predict the rut depth knowing the design traffic, pavement 

structure, and location of the project. In this figure, the y-axis shows the measured total rut depth 

and the x-axis the rut depth in the asphalt layer. The basis of this comparison is that the forensic 

investigations into these projects found that the base and subgrade rutting was negligible 

compared to the rutting in the asphalt concrete (AC) layer.  

 
Figure 3.2. Comparison of rut depth measurements and FlexPAVETM predictions for NCAT 

project. 
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Figure 3.3. Comparison of rut depth measurements and FlexPAVETM predictions for different 

projects. 

Given the positive results obtained from the structural simulations, the second candidate 

for the rutting index parameter was also involved using FlexPAVETM. However, some issues 

emerged that affected the direct adoption of FlexPAVETM in the same way it was used for the 

field sections. The basis for this limitation is the way an index parameter is used to support 

decision-making and the fact that mixtures are often designed, verified, and approved for use 

separately from the pavement design process. Thus, the pavement structure and exact location 

are not known for situations when the index parameter would be needed. However, to conduct 

pavement simulations, a structure is needed. The approach to this dilemma in this study was to 

assume a standardized structure for carrying out the performance simulations and defining the 

RSI parameter. Multiple factors were investigated to quantify the sensitivity of different 

structural parameters to the predicted asphalt layer rut depth and to determine the proper 

structure. The parameters considered are as follows and are discussed separately in the following 

subsections. 

¶ Asphalt layer thickness  

¶ Aggregate base and subgrade modulus values 
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¶ Aggregate base thickness 

¶ Layer thicknesses for different mixture categories 

3.4.2.1. Asphalt layer thickness  

In order to determine the effect of asphalt layer thickness, rutting was predicted using the 

material properties from several of the mixtures identified in Table 3.2 and Table 3.3 with 10-cm 

and 15-cm asphalt layer thicknesses. Based on these simulations, the average permanent strain, 

defined as the ratio of rut depth to asphalt thickness, was calculated. Figure 3.4 shows a strong 

correlation between the average permanent strain levels obtained for both structures. Therefore, 

the asphalt layer thickness does not affect the ranking of the different mixtures, so the index 

parameter can be defined based on the 10-cm thickness.

 

Figure 3.4. Predicted rut depths using 10-cm and 15-cm surface layer thicknesses. 
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modulus values. Figure 3.5 (a) shows the total rut depths obtained from a structure that consists 

0

5

10

15

20

25

0 5 10 15 20 25

A
v

e
ra

g
e

 P
e

rm
a

n
e

n
t 

S
tr

a
in

 (
%

) 
(1

0
 c

m
 T

h
ic

k
)

Average Permanent Strain (%)
(15 cm Thick)

ALF

MIT-RAP

Maine

MIT-WMA-Surface

MIT-WMA-Intermediate

NCAT-Surface

NCAT-Intermediate/Base

NC-Surface

NC-Intermediate/Base



   

51 

 

of 10 cm of asphalt mixture and 20 cm of aggregate base. In this study, two typical base modulus 

values were defined for the aggregate base, 100 MPa and 300 MPa, referred to as the weak and 

strong bases, respectively. The same concept was utilized for the subgrade modulus with values 

of 30 MPa and 80 MPa (weak and strong, respectively). As expected, the pavement with the 

weak base and subgrade exhibited the most permanent deformation, whereas the pavement with 

the strong base and subgrade exhibited the least permanent strain. However, when only the 

asphalt layer rutting was examined, as illustrated in Figure 3.5 (b), the permanent deformation in 

that layer did not notably change with different base and subgrade modulus values. This test was 

repeated using different asphalt mixtures and, in all of the cases, the difference between the 

asphalt layerôs rut depth at the end of the design life for the cases where both the base and 

subgrade were weak and where both were strong was less than 5 percent. In summary, although 

the base and subgrade moduli have a significant effect on overall pavement rut depth, the moduli 

of the base and subgrade do not specifically affect the rut depth in the asphalt layer. 

  
Figure 3.5. a) Total rut depths and b) surface layer rut depths using different base and subgrade 

(SG) modulus values. 

3.4.3. Aggregate base thickness 

The effects of the base layer thickness were investigated via simulations of a structure 

with the asphalt layer thickness of 10 cm, base layer with a modulus of 206 MPa, subgrade with 

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250 300

T
o

ta
l R

u
t 

D
e

p
th

 (
c

m
)

Time (Months)

Weak Base-Weak SG

Weak Base-Strong SG

Strong Base-Weak SG

Strong Base-Strong SG
0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300

A
s

p
h

a
lt

 L
a

y
e

r 
R

u
t 
D

e
p

th
 

(c
m

)

Time (Months)

Weak Base-Weak SG

Weak Base-Strong SG

Strong Base-Weak SG

Strong Base-Strong SG

(a) (b) 



   

52 

 

a modulus of 69 MPa, and base thicknesses of 10 cm, 20 cm, 30 cm, or 40 cm. Figure 3.6 (a) and 

Figure 3.6 (b) show the predicted asphalt layer rutting values and total pavement rutting values 

for each of these simulations. Increasing the base thickness did not change either the asphalt 

layer rut depths or the total rut depths. The permanent deformation information currently used in 

FlexPAVETM to predict rutting in an aggregate base is the same as that used in Pavement METM, 

which is known to demonstrate no sensitivity to base thickness (Witczak and El-Basyouny, 

2004). Therefore, these results are not surprising.  

  
Figure 3.6. a) Surface asphalt layer rut depths and b) total rut depths using different base layer 

thicknesses. 
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mixtures. Hence evaluating the asphalt mixture under its in-service loading and temperature 

conditions is critical. For example, the base layer is not subjected to the same loading conditions 

as the surface layer. The upper layers experience different temperatures and stress levels in 

comparison to the lower layers. Therefore, based on the application of different mixtures, 

different structures should be considered. By studying typical mixtures used in North Carolina 

and other locations, the mixture types for asphalt pavements were divided into three categories: 

surface, intermediate, and base layers (Kim et al. 2018, Saghafi et al. 2020, Majidifard et al. 

2020a, Majidifard et al. 2020b). For the mixtures to be used in the intermediate layers, the 

chosen surface layer thickness was 7.5 cm (3 in.). For the mixtures to be used in the base layer, 

the surface and intermediate layer thicknesses were chosen as 7.5 cm for each layer. Based on 

the four parameters of standard structures discussed in the previous subsections for evaluating 

the surface, intermediate/binder, and base mixtures, Figure 3.7 shows the standard structures that 

were ultimately used to determine the RSI parameter.  

 

  

 
Figure 3.7. Pavement structures used to determine the RSI parameter: a) surface layer, b) 

intermediate layer, and c) base layer. 
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3.5. Rutting Strain Index (RSI) 

As previously mentioned, the permanent deformation in asphalt mixture is a function of 

temperature, stress level, and loading time, which all change with pavement depth. The approach 

taken to develop the RSI parameter was to consider these factors using FlexPAVETM to compute 

the average permanent strain. FlexPAVETM is a three-dimensional finite element program that 

predicts the fatigue cracking and rutting performance of asphalt pavements under moving loads 

using realistic temperature changes generated by the EICM. In the RSI calculation framework, 

and in order to calculate the average permanent strain, FlexPAVETM uses a set of three standard 

structures (for the surface, intermediate, and base course mixtures, respectively) and standard 18-

kip single-axle loads. The stress levels in these structures are calculated using FlexPAVETM and 

then used as fixed inputs for the average permanent strain calculations. The FlexPAVETM 

algorithm with the fixed stress values is implemented in FlexMATTM. The following section 

describes the procedure of simplifying the FlexPAVETM algorithm and implementing the 

simplified algorithm in FlexMATTM. 

3.5.1. Simplifying the FlexPAVETM  Algorithm  

One of the advantages of FlexPAVETM is the ability to perform analysis under different 

traffic, loading, and climatic conditions. Moreover, FlexPAVETM simulations accurately match 

field performance. The limitation of FlexPAVETM is the simulation time, which is not a 

significant problem in some FlexPAVETM applications, but is considered a limitation for the RSI 

calculations. The most significant portion of the FlexPAVETM rutting analysis runtime (95% of 

the total runtime) is consumed by calculating the structural responses (stress and strain) in the 

pavement system. This response modeling involves calculating the stress and strain throughout 

the pavement structure for three predefined analysis time segments: 
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¶ Segment 1: 5 AM to 12 PM 

¶ Segment 2: 12 PM to 7 PM 

¶ Segment 3: 7 PM to 5 AM 

 

The temperature profiles for each of these segments is first determined for each month of 

the simulation and then fed into the structural analysis model along with the linear viscoelastic 

properties of the asphalt mixture, elastic modulus values of the base/subgrade, and the external 

loading configuration. The stress and strain levels are then computed at the nodal points 

throughout the structure and used with the shift model to compute the permanent strain and, 

ultimately, rutting. 

Because FlexPAVETM is a general-purpose structural analysis platform, it needs the 

flexibility to analyze any structural configuration. However, because the RSI parameter uses a 

set of three fixed structures, full FlexPAVETM simulations may not be needed to compute the 

RSI. Under this scenario, the structural responses could be prepopulated into a database, which 

would reduce the runtime substantially. The research team investigated this possibility by 

performing simulations with different mixtures and climate conditions using the structures 

shown in Figure 3.7. For each mixture evaluated and for each structure, the vertical stress (the 

structural response used in the shift model to compute pavement rutting) was first calculated at 

different depths using FlexPAVETM. In these simulations, the climate conditions chosen were 

consistent with the mixture being evaluated. Seven climate conditions and 35 mixtures were 

considered. Among the 35 mixtures, the three cases with the widest range of variation in vertical 

stress were selected.  

Figure 3.8 (a) and (b) present the vertical stress values for the third segment of January 

and the second segment of June for those three cases. The third segment of January and the 

second segment of June show the most extreme cases of low and high temperatures, respectively. 
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These two conditions were selected as an example in Figure 3.8, but other segments and months 

also were examined to confirm that this scenario is representative. Figure 3.8 (a) and (b) show 

that the vertical stress variation increases through the pavement depth with the most variability 

evident at the bottom of the surface layer (depth of 10 cm). This variability can be as much as 

35% at the bottom of the asphalt layer. However, the impact of these differences on the 

computed asphalt rut depth is relatively small.  

 

  

Figure 3.8. Vertical stress through pavement depth for different cases of stress variation: a) 

January, third segment (7 PM to 5 AM) and b) June, second segment (12 PM to 7 PM).  

 

For this part of the study, 35 mixtures from different locations were selected. The rut 

depth for each layer was calculated using three different cases of stress variation throughout the 

pavement depth (Cases #1 to #3). Figure 3.9 shows that the predicted rut depth in the asphalt 

layer is based on the three different cases of stress variation. As mentioned earlier, this study was 

repeated using 35 different mixtures. The results show that the rut depth at the end of 20 years 

did not change significantly (less than 5%) within each layer. So, the research team established a 

database of stress responses reflecting the variations by segment and month and used this 

database to determine the RSI. 
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Figure 3.9. Predicted rut depths using a single mixture for three cases of stress variation. 

3.5.2. Defining the Rutting Strain Index (RSI)  

In order to determine a proper rutting index parameter, the average permanent strain at 

the end of the 20-year pavement service life (240 months) was considered. Then, a fixed 

threshold value for all of the mixture categories (surface, intermediate, and base layers) was 

needed for each traffic level. Although the different layers experience different loading and in-

service temperature conditions, these effects can be captured by selecting different structures and 

selecting the same threshold value for the different categories of asphalt mixtures. In this study, 

the pavement was subjected to 30 million equivalent single-axle loads (MESALs) with the 

design speed of 96 km/h (60 mph) and the average permanent strain was calculated for 20 design 

years. Figure 3.10 shows an example of the average permanent strain behavior over the service 

life of the pavement. In this figure, the RSI is defined as the average permanent strain at the end 

of 20 years.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 50 100 150 200 250

R
u

t 
D

e
p

th
 (
c

m
)

Time (Month)

Case #1

Case #2

Case #3



   

58 

 

 
Figure 3.10. Average permanent strain in the asphalt layer during pavement life. 

Figure 3.11 presents a flowchart that describes the process of finding the RSI parameter. 

Four gyratory-compacted specimens are fabricated for the given mixture. SSR tests are 

performed on the four test specimens (two at TH and two at TL), and the test results are input to 

FlexMATTM along with the location of the project and the type of the layer where the mixture 

will be used to determine the RSI value. 

 
Figure 3.11. Flowchart for proposed rutting index parameter (RSI) 
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3.5.3. Recommended Traffic Level Designations for the RSI 

No clear mechanistic definition for the acceptable level of permanent strain is available, 

but usually, total rutting is used as this criterion. Therefore, the acceptable level of permanent 

strain was investigated empirically in this study. The research team used a data-driven decision 

process based on engineering experience and the measured behavior of 72 mixtures from 

different projects to select the most appropriate threshold values. Figure 3.12 presents the RSI 

values for the different mixtures listed in Table 3.2 and Table 3.3.  

 

Figure 3.12. RSI values for different mixtures. 

 

Table 3.5 presents the RSI limits that are linked to the four traffic designations of 

standard, heavy, very heavy, and extremely heavy traffic tiers that are used to categorize the 

different levels of traffic. These threshold limits were chosen based on engineering expectations 

and design traffic.  
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Table 3.5. Recommended Traffic Designations 

Traffic Level (MESAL) 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 

Note: MESAL is million equivalent single-axle load. 

The threshold values shown in Table 3.5 were applied to the mixtures shown in Figure 

3.12 to determine the allowable traffic designations for these mixtures. Table 3.6 provides a 

summary of the results. Note that the allowable traffic determined by the RSI is for rutting 

specifically and does not represent allowable traffic for all types of distress. For example, in the 

Maine DOT shadow project, the binder used in the mixtures is PG 64E-28. The PG of 64 is too 

high for climate conditions in Maine. The reason for using this high PG binder is specifically to 

address durability issues in Maine. Therefore, the rutting allowable traffic designation for those 

mixtures is mostly V (very heavy). In these cases, rutting is not the dominant distress during the 

pavementôs service life; cracking is the driving distress. 

It is believed that some mixtures that have passed current rutting criteria thresholds based 

on empirical tests may fail under the proposed RSI criterion due to the sensitivity of the RSI 

parameter to changes in mixture factors. Table 3.6 shows that several mixtures have RSI values 

greater than 12 and were assigned the allowable traffic designation of óNDô, meaning óNo 

Designationô. According to the RSI threshold values presented in Table 3.5, these mixtures 

cannot be assigned the lowest allowable traffic designation of óSô. However, if state highway 

agency personnel believe that those mixtures should pass based on their local experience, they 

can calibrate the RSI threshold values accordingly. 
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Table 3.6. RSI Values and Rutting Allowable Traffic Designations for the Study Mixtures  

Project Mix ID  RSI 
Traffic 

Designation 
Project Mix ID  RSI 

Traffic 

Designation 

ALF 

Control 3.7 H 

NC 

RB25.0B 0.9 E 

CR-TB 1.5 V RI19.0B 5.0 S 

SBS 2.0 V RI19.0C 2.4 H 

Maine 

Aim 1.7 V RS9.5B 9.6 S 

High 4.3 S RS9.5C 1.8 V 

Low 1.5 V 

KEC 

ASTM 6.7 S 

Mid 3.3 H BB1 1.9 V 

MIT 

50RSB 15.7 ND BB3 3.7 H 

Control 9.3 S BB5 2.6 H 

15R 7.1 S PMA 2.6 H 

50R 7.6 S 

NC-

PEMD 

RS9.5B 2.3 H 

MIT-

WMA 

A1 21.5 ND C50-57 5.0 S 

A2 3.8 H C50-54 2.9 H 

C1 24.8 ND C70-33 3.2 H 

C2 4.8 S C50-55 3.9 H 

E1 34.3 ND C70-53 1.8 V 

E2 5.6 S C70-55 2.3 H 

S1 28.3 ND C70-57 3.6 H 

S2 2.5 H C50-33 5.3 S 

NCAT 

AW1 9.1 S 

Maine-

Shadow 

159352 2.2 H 

AW2 1.3 V 159352B 1.4 V 

AW3 29.2 ND 159353 1.6 V 

C1 11.0 S 159354A 1.7 V 

C2 2.2 H 159354B 2.0 V 

C3 18.2 ND 159355 1.3 V 

NCAT-FW1 9.0 S 159358 1.8 V 

NCAT-FW2 7.6 S 159360 1.3 V 

NCAT-FW3 20.6 ND 159361 2.2 H 

NCAT-O1 8.1 S 159362 1.6 V 

NCAT-O2 3.4 H 

NEW-

ALF 

L1 2.0 V 

NCAT-O3 16.9 ND L5 1.6 V 

NCAT-R1 5.2 S L6 1.9 V 

NCAT-R2 1.0 V L7 1.3 V 

NCAT-R3 0.8 E L8 1.7 V 

NCAT-RW1 10.2 S    
 

NCAT-RW2 1.7 V    
 

NCAT-RW3 1.0 V    
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3.5.4. Effects of Mixture Variables on Allowable Traffic for  Rutting 

The RSI results obtained for the mixtures listed in Figure 3.12 can be examined more 

closely to evaluate the overall reasonableness of the RSI with respect to factors that are known to 

contribute to more or less rutting. For these purposes, the effects of air void content, binder 

content, and RAP content and binder grade were systematically examined and are discussed in 

the following subsections. Several examples in the literature suggest that increases in air void 

content (Sreedhar and Coleri 2018), binder content (Sreedhar and Coleri 2018), and RAP content 

(Mogawer et al. 2012, Buttlar et al. 2018) have consistent effects on rutting performance 

whereby notably higher asphalt contents, higher air void contents, and lower RAP contents 

correspond to higher rutting levels. 

3.5.4.1. Effects of air void content on the Rutting Strain Index 

The effects of air void content can be found by analyzing data from the North Carolina 

State University ï Performance-Engineered Mix Design (NCSU-PEMD) study. The mixtures of 

interest from that study are C50-54, C50-55, and C50-57. Each mixture uses the same 9.5-mm 

NMAS gradation and PG 64-22 binder. These three mixtures were compacted to three different 

air void contents of 4.1%, 5.5%, and 7.1%, respectively. Figure 3.13 shows the effects of the 

different in-place air void contents on the RSI. As the in-place air void content increases, the RSI 

increases, which matches expectations.  
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Figure 3.13. Effects of in-place air void (A.V.) content on the RSI. 

3.5.4.2. Effects of binder content on the RSI  

Mixture data from the MaineDOT project were used to investigate the effects of binder 

content on the RSI. To generate these data, MaineDOT performed a mix design study using a 

single mixture but varied the asphalt content in 0.5% increments. Figure 3.14 shows that the RSI 

increases as the asphalt content increases. This trend is expected based on engineering intuition 

that a higher asphalt content leads to a softer mixture and less rutting resistance.  

 
Figure 3.14. Effects of binder content on RSI. 
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3.5.4.3. Effects of RAP content and binder grade on the RSI 

Data from the MIT-RAP project and the new Federal Highway Administration 

Accelerated Load Facility (FHWA ALF) project (ónew ALFô) were used to study the effect of 

RAP content on the RSI. In the MIT-RAP project, four different mixtures were tested with 

different RAP contents and binders. In that study, the RAP content was changed systematically 

from 0% to 15% to 50 percent. Then, a soft binder was used for the 50% RAP mixture to 

investigate the effects of using a soft binder for high RAP content mixtures. Figure 3.15 shows 

the RSI values for these four mixtures. As expected, the RSI value of the 15% RAP mixture is 

lower than that of the Control mixture; however, a further increase in the RAP content from 15% 

to 50% did not affect the RSI value significantly. The slight increase in the RSI value for the 

50% RAP mixture compared to that of the 15% RAP mixture could be due to the specimen-to-

specimen and test-to-test variabilities. 

 
Figure 3.15. Effects of RAP content on the RSI (MIT-RAP project). 
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intuition. In this study, the mixtures in Lanes 1, 6, and 5 had the same binder PG, but different 

RAP contents. Lane 1 has the highest RSI value. The Lane 5 and Lane 8 mixtures had the same 

RAP content, but different binder types. Lane 8, with the softer binder, has a higher RSI value 

than Lane 5, as expected. Comparing Lane 6 and Lane 7, the mixtures had the same binder type, 

but Lane 7 contained 20% reclaimed asphalt shingles (RAS), which are known to cause a stiffer 

mixture than RAP. Therefore, the RSI value decreased. All of these predictions are in line with 

engineering intuition and verify that using the RSI concept can capture the effects of RAP, RAS, 

and binder type very well.  

 
Figure 3.16. Effects of RAP/RAS content and binder type on rut depth (New ALF project). 

3.6. Application of the Proposed Rutting Strain Index in Index-Based Performance-

Engineered Mix Design  

The performance of an asphalt mixture depends on several factors, including aggregate 

gradation, design air void content, binder content, aggregate properties, and binder properties. 

These factors have a significant impact on mixture performance and should be reflected during 

the mix design process. PEMD is now an important component of asphalt mixture performance-

related specifications. In the PEMD research conducted at NCSU and the FHWA, cracking and 
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rutting are the most important distresses that should be considered as factors in PEMD. With 

regard to cracking, the so-called Sapp parameter can capture the effects of volumetric properties, 

RAP content, and binder content using different mixture types (Wang et al. 2020a). With regard 

to rutting, which is the focus of this chapter, the RSI can be used as an index. These two indices, 

Sapp and the RSI, can be employed as inputs for index-based PEMD. The detailed procedure for 

index-based PEMD is presented in Chapter 6. 

3.7. Summary and Conclusions 

This chapter presents the development and implementation of a new rutting index 

parameter, referred to as the RSI based on the permanent deformation shift model that can be 

characterized by the SSR test. It indicates the rutting resistance of an asphalt mixture more 

realistically compared to other index parameters. Other index parameters and empirical test 

methods for rutting rely on the response of the material under a single load and temperature 

condition. This snapshot approach to the determination of the rutting resistance of a mixture can 

be misleading, as demonstrated in the óPermanent Strain under Repeated Loadingô section. The 

RSI parameter is determined from FlexPAVETM mechanistic pavement analysis that incorporates 

the effects of realistic loading and climatic conditions on the mixture at various depths in the 

pavement. This determination is performed in the Excel-based FlexMATTM program by 

incorporating major functions in FlexPAVETM into FlexMATTM. The basic concept behind the 

RSI parameter provides a mechanistically sound and realistic way to determine the rutting 

resistance of asphalt mixtures. 

In this study, 72 asphalt mixtures with a wide range of mixture factors and from different 

climatic regions were evaluated for the RSI parameter. The results show that the RSI is able to 

capture the effects of different mix design factors, such as RAP content, binder content, and 
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volumetric properties. Furthermore, a set of RSI threshold values were proposed for different 

allowable traffic levels in terms of rutting. As engineers become familiar with the RSI, the RSI 

threshold values can be adjusted according to the local experience. The RSI also can be 

employed by agencies as a tool for PEMD and quality assurance purposes whereby agencies will 

be able to accept or reject a mixture based on RSI thresholds.  

In short, the benefits of the proposed RSI include its ability to determine the rutting 

resistance of asphalt mixtures using realistic moving loads and climatic conditions of the location 

where the mixture would be used, its sensitivity for various mix design factors, and its threshold 

values for different traffic levels that have been determined from a large number of mixtures 

with a wide range of compositions and from different climatic regions. These strengths make the 

RSI parameter an excellent rutting index for PEMD and quality assurance to improve highway 

infrastructure. 
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CHAPTER 4. DEVELOPMENT OF THE PERFORMANCE-VOLUMETRIC 

RELATIONSHIP FOR ASP HALT MIXTURES 3 

This chapter aims to establish the relationship between the volumetric performance of 

asphalt mixtures and their performance in terms of pavement fatigue cracking and rutting. A 

good performance-volumetric relationship (PVR) can dramatically improve the working 

efficiency of mixtures and can be used in future performance-engineered mixture design and 

performance-related specifications. For this study, three asphalt mixtures were first designed to 

incorporate systematic changes in volumetric conditions, and fatigue cracking and rutting 

performance tests were conducted at each condition. Statistical analyses of the results suggest 

that a first-order (linear) model and power model would be an appropriate form of the PVR 

function. The number of volumetric conditions required to calibrate the PVR function is also 

investigated. Finally, a rule of thumb for selecting the volumetric conditions for the model 

calibrations is provided. The verification results show that the proposed PVR function is able to 

capture the mixturesô performance responses that result from changes in volumetric conditions. 

4.1. Introduction 

The focus of recent research in the asphalt pavement industry has been changing from 

empirical to mechanistic concepts. Applications of this new focus include balanced mixture 

design, performance-engineered mixture design, mechanistic-empirical pavement design, and 

performance-related specifications (Zhou et al. 2013, Robbin et al. 2017, Lanotte et al. 2018, 

Yuan and Nemtsov 2018, Kim et al. 2015, Fugro 2011). In these applications, the key is to 

                                                 
3 This chapter has been published as: Wang, Y. D., Ghanbari. A., Underwood, B. S., and Kim, Y. R., 2019. 

Development of a Performance-Volumetric Relationship for Asphalt Mixtures. Transportation Research Record: 

Journal of the Transportation Research Board.  

 

I, Amir Ghanbari, contributed to the paper by collecting the Stress Sweep Rutting test data, preparing the 

manuscript, and participating the data analysis and interpretation of the results.  
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predict the performance of asphalt pavements using mechanistic models. However, mechanistic 

models typically require detailed material property information, which can be time-consuming to 

measure. This time becomes even more critical when considering how often the properties need 

to be measured for some applications. For instance, in performance-related specifications, it is 

necessary to evaluate construction variability on a lot-by-lot basis, which requires that 

performance tests and requisite simulations must be conducted for each lot using the asphalt 

mixture samples collected during production. To complete the full testing and analysis of each 

lot, the agency may spend several workdays on laboratory tests to determine the material 

properties. Similarly, in performance-engineered mixture design, multiple sets of performance 

tests are required to ensure that the asphalt mixture is engineered to the optimal combination of 

the components. Owing to these challenges, state-of-the-practice technologies primarily utilize 

volumetric methods for asphalt mixture design and quality control/assurance specifications. 

These methods have a great advantage over those based on mechanistic properties because the 

volumetric properties can be measured quickly and the results used to make production 

adjustments if necessary. The disadvantage is that although volumetric-based methods are related 

to performance, the specific relationship for a given mixture is not known. Knowledge of the 

performance-volumetric relationship (PVR) would bring several advantages:  

¶ allow engineers to continue to use current test methods and equipment for quality 

assurance; 

¶ allow material characterization to be completed in a short period during the mix 

design and quality assurance processes; and  
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¶ bridge the gap between the volumetric properties and performance of asphalt 

mixtures and allow engineering judgement in mix design and quality assurance to 

be based on performance.  

Numerous studies have been carried out to correlate mix volumetric properties to 

engineering properties (NCHRP 2004, Christensen et al. 2003, Kaloush and Witczak 1999, 

Bonaquist et al. 2017, Fathi et al. 2019). However, the relationship this study is establishing is 

aiming to correlate the volumetric properties or the changes in volumetrics directly to the 

predicted mixture performance in pavements, i.e., fatigue damage and permanent deformation. In 

this study, a PVR function is proposed based on a series of performance testing and analyses on 

three different asphalt mixtures. Performance tests of each study mixture were conducted using 

mixture samples at different volumetric conditions. The performance of the samples was then 

correlated with the corresponding volumetric conditions. The volumetric conditions were 

formulated according to different combinations of gradation, binder content, compaction level, 

etc. The performance characteristics used in this study include the amount of fatigue damage and 

permanent deformation in the wheel paths predicted by the mechanistic models. The models used 

for fatigue and rutting analyses at the material level are the simplified viscoelastic continuum 

damage (S-VECD) model and the shift model, respectively. The cyclic fatigue test and the stress 

sweep rutting (SSR) test were used to calibrate the S-VECD and shift models, respectively. At 

the structural level, analysis was conducted using FlexPAVETM, which performs viscoelastic 

analysis using three-dimensional finite element simulations under moving loads.  

The objective of this study is to develop a volumetric-performance relationship that can 

be used in performance-engineered mix designs and performance-related specifications. In this 

chapter, the modeling work for the volumetric properties and performance characterization is 
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presented in the first two sections. The third section presents the experimental design and test 

results. The fourth section establishes the proposed PVR, required number of volumetric 

conditions for PVR calibration, and the rule that can be used to select the required number of 

volumetric conditions. Conclusions and recommendations for future work are provided at the 

end of the chapter.  

4.2. Understanding Volumetric Properties of Asphalt Mixtures 

In most states, volumetric theory is applied in current design specifications and for 

quality assurance of asphalt mixtures and pavements. The assumption is that volumetric 

properties are related to the performance of asphalt mixtures and that, as such, criteria for 

volumetric parameters must be satisfied. Typical critical volumetric parameters include the voids 

in mineral aggregate (VMA) and the voids filled with asphalt (VFA) at the design compaction 

level (Ndes) in the laboratory. Other parameters, such as the air void content (Va) at the Ndes can be 

derived from the VMA and VFA. These volumetric parameters are used because they change 

with mixture composition (aggregate gradation and binder content) as well as production 

methods (mixing time, storage time, temperatures, etc.). These volumetric parameters function as 

indicators of the performance of the mixture in the field if the as-constructed compaction level 

and the design compaction level are the same. 

Mixture consistency is one aspect of quality materials; another is the material density 

once it is transported, placed, and compacted at the job site. This density usually differs from 

what is targeted in the laboratory at Ndes, i.e., 95-97% of the maximum gravity (Gmm). In contrast, 

the in-place percentage of Gmm (%Gmm) targeted for quality assurance processes is often between 

91% Gmm to 98% Gmm (i.e., 9 to 2% air void content). For quality assurance purposes, the VMA 

and VFA at the Ndes and as-constructed %Gmm are almost always included as acceptance quality 
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characteristics (AQCs). As for the actual performance in the field, the in-place volumetric 

parameters, i.e., the in-place VMA and the in-place VFA, may better represent the performance 

of the as-constructed mixtures. Fortunately, these in-place volumetric parameters can be 

calculated if the VMA and VFA at the Ndes value and the %Gmm in-place are known. Figure 4.1 

(a) and (b) present diagrams that show the relationships among the volumetric parameters at the 

designed compaction level and the as-constructed (in-place) compaction level, respectively. For 

clarity and consistency, the volumetric parameters at the as-constructed compaction level are 

designated with ñin-placeò or subscript ñIPò. (Exception: whenever %Gmm is used, it refers to the 

as-constructed compaction level.) The parameters without ñin-placeò or ñIPò are meant to be at 

the designed compaction level. 

Although the laboratory and field constructed volumetric parameters differ, the in-place 

parameters can be calculated from the volumetric conditions at the design compaction level as 

long as the as-constructed %Gmm is also measured. This calculation is feasible because the 

gradation and binder content of the mixture are assumed to be the same under both conditions, 

and the only changing variable is the air void content. Equations (4.1) and (4.2) describe the 

VMA at the design compaction level and the as-constructed compaction level, respectively. 
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Figure 4.1. Volumetric diagrams: (a) at design compaction level (Ndes) and (b) as-constructed 

(in-place) compaction level. 
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where  

VMA  = voids in mineral aggregate at the design compaction level (Ndes), 

VMAIP  = voids in mineral aggregate as constructed, 

Va  = percentage of air void content at Ndes, 

%Gmm  = compaction level as constructed, 

Gmm  = theoretical maximum specific gravity, 

Ps  = aggregate content, percent by total mass of mixture, and 

Gsb  = bulk specific gravity of aggregate. 
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Since Ps and Gsb are the same for both the laboratory and field conditions, Equations (4.1) 

and (4.2) can be rearranged to relate the VMA at Ndes and the in-place VMA, Equation (4.3). 

100 100

% 100

IP

mm a

VMA VMA

G V

- -
=

-
 

Or 

( )
%

100 100
100

mm
IP

a

G
VMA VMA

V
= - ³ -

-
 

(4.3) 

Equation (4.3) explains that the VMA values at the two volumetric conditions are 

proportional to the air void contents because the proportion of binder to aggregate remains the 

same. The in-place VFA can then be computed as shown in Equation (4.4). 

100 %
100 100mm

IP

IP

G
VFA

VMA

-
= - ³  (4.4) 

The two variables, in-place VMA and in-place VFA, are used in this chapter mainly to 

model the performance of the asphalt mixtures. The advantages of using these parameters 

include: 

¶ the two variables represent the true volumetric conditions in the field, i.e., the as-

constructed volumes of the binder, aggregate, and air voids; and 

¶ multiple AQC parameters, such as the VMA, VFA, Va at Ndes, and %Gmm, are 

implicitly taken into account, and the number of variables is successfully reduced 

to two.  

Therefore, the proposed PVR function is incorporated in such formulae, as shown in 

Equations (4.5) and (4.6). 

( )% ,IP IPDamage f VMA VMA=  (4.5) 
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( ),IP IPRut Depth g VMA VMA=  (4.6) 

where   

%Damage = the percentage of fatigue damage in a specific pavement, and  

Rut Depth = the rut depth (mm) in a specific pavement. 

Once Equations (4.5) and (4.6) have been calibrated for a specific mixture in a specific 

pavement structure, the change in fatigue damage and rut depth can be related to the changes in 

volumetric parameters and vice versa. Because the in-place VMA and in-place VFA are 

functions of the design VMA, VFA, Va, and %Gmm, the performance of the mixture, or the 

resultant ó%Damageô and rut depth, are essentially functions of those AQC parameters as well, 

as presented in Equations (4.7) and (4.8). 

( )1% , , ,%a mmDamage f VMA VFA V G=  (4.7) 

( )1 , , ,%a mmRut Depth g VMA VFA V G=  (4.8) 

4.3. Mechanistic Models for Performance Characterization 

In this study, the performance of the asphalt mixtures was characterized using 

mechanistic models. The models used at the material level and structural level are presented 

briefly in this section. 

4.3.1. Mechanistic Models for the Material Level 

At the material level, the mechanical properties of asphalt mixtures are characterized 

based on three aspects: the linear viscoelastic property (dynamic modulus), fatigue cracking 

properties, and permanent deformation properties. The dynamic modulus can be used to calculate 

the linear viscoelastic responses of the mixture, i.e., the strain and stress, under a specific loading 

history, with the time and temperature effects taken into account. Details on the dynamic 
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modulus can be found in the literature (Mun et al. 2007). The fatigue model and permanent 

deformation model are briefly discussed in the following.  

4.3.1.1. The Simplified Viscoelastic Continuum Damage (S-VECD) Fatigue Model 

The S-VECD model is adopted in this study to define the fatigue properties of the asphalt 

mixtures. The model utilizes the elastic-viscoelastic correspondence principle, the continuum 

damage work potential theory, and the time-temperature superposition principle (Schapery 1984, 

Underwood et al. 2012). The model simulates changes in the material constitutive relationship as 

fatigue damage accumulates. The output of the model is the relationship between the material 

integrity (C) and the accumulated damage (S). The relationship is also called the C vs. S curve 

when it is presented graphically. As damage develops under cyclic tension loading, the number 

of cycles where macrocracks occur can be predicted by the failure criterion, DR (Wang and Kim 

2017), which is based on the dissipated pseudo energy concept. Because the model applies 

pseudo energy-based theory, the variables and their outputs are independent of the loading 

conditions, i.e., mode of loading, temperature, and loading amplitude. In order to calibrate the 

model, cyclic fatigue tests in tension are carried out in Asphalt Mixture Performance Tester 

(AMPT) (Lee et al. 2017). 

4.3.1.2. Shift Model for Permanent Deformation 

The shift model is applied in this study to capture the rutting behavior of the asphalt 

mixtures. The model uses a stress shift factor and a time-temperature shift factor determined by 

the SSR tests to model the permanent strain that occurs under different deviatoric stress levels at 

different temperatures (Kim and Kim 2017). Once the model coefficients are calibrated for a 

specific asphalt mixture, the permanent strain evolution under a complex loading history can be 
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predicted. The model calibration process requires AMPT cyclic compression tests under three 

deviatoric stress levels at two temperatures.  

4.3.2. Performance Predictions for Asphalt Pavement Structures 

The performance of asphalt mixtures can be evaluated and compared using pavement 

performance analyses if the pavement structure, traffic load, and climate conditions are fixed and 

only the asphalt mixture in the pavement structure is varied. In this study, pavement performance 

was simulated using FlexPAVETM. This program is able to predict the mechanical responses and 

fatigue damage and rut depths in target pavement structures with given traffic loads and climate 

conditions. The mechanical responses are computed using three-dimensional finite element 

analysis with moving loads. The analysis requires measured dynamic modulus values as inputs 

for each asphalt layer. The stress and strain levels are calculated in the frequency domain with 

the help of fast-Fourier transform to take the viscous effects into account (Eslaminia et al. 2012). 

The calculated stress and strain levels are then used to predict the fatigue damage and rut depths. 

The fatigue damage is calculated using the S-VECD model, and the shift model is applied for 

rutting analysis. The output of the FlexPAVETM analysis includes the percentage of the fatigue 

damage (ó%Damageô) in the pavement cross-section and permanent deformation in each layer 

during the entire design life. In this study, the %Damage and rut depth results at the end of the 

design life are used. With regard to rutting, only the rut depth attributed to the target asphalt 

layer is used in this chapter. According to previous studies (Wang et al. 2018), the results of the 

performance simulations have yielded excellent agreement with observations in the field under 

various climate conditions. 

Note that this research study have chosen pavement performance instead of index 

parameters to evaluate the asphalt mixtures for the following reasons:  
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¶ Pavement performance can fully represent mixture performance when only the 

asphalt mixture is varied in the analysis; 

¶ Pavement performance simulations can reflect mixture performance more 

accurately than index parameters because they consider the structural effects and 

the effects of realistic climate conditions and traffic loads; and 

¶ When actual pavement structures are used in the analysis, the ó%Damageô output 

and rut depth data can be utilized directly to develop performance-related 

specifications based on changes in pavement life due to changes in mixture 

performance.  

4.4. Experimental Design and Test Results 

Two laboratory-mixed laboratory-compacted (LMLC) mixtures and one plant-mixed 

laboratory-compacted (PMLC) mixture were used for this study. The two LMLC mixtures, 

SM12.5 from Virginia and RS9.5B from North Carolina, were systematically designed with 

different gradations, binder contents, and compaction levels. In total, 21 volumetric conditions 

were included for the SM12.5 mixture and nine volumetric conditions for the RS9.5B mixture. 

Details regarding each mixture are presented in the next sections. The mechanical properties at 

each volumetric condition were characterized in a set of performance tests using an AMPT. After 

the mechanistic models were calibrated using the performance test results, pavement 

performance simulations were performed using FlexPAVETM. For those simulations, the 

pavement structures were fixed to be 10 cm (4 in.) single-layer asphalt pavements on top of a 20 

cm (8 in.) aggregate base with 10 million equivalent standard load axles (ESALs) over a 20-year 

design life. The climate data were obtained from the Enhanced Integrated Climate Model 
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(EICM) database using data from climate stations in Washington, D.C. and Raleigh, NC. The 

results of the performance simulations were used to establish the PVR function.  

The compaction levels in the field were also simulated in this study. The parameters of 

the volumetric conditions, i.e., VMA, VFA, and Va, were measured from gyratory-compacted 

samples that were compacted to the Ndes. The dimensions of the samples were 150 mm in 

diameter and 115 mm ±5 mm at the Ndes. The specimens for the performance tests were extracted 

from 180-mm tall gyratory-compacted samples. The air void contents of the test specimens were 

designed to be varied and not necessarily the same as Va at Ndes to mimic the different %Gmm 

values in the field. The air void contents of the test specimens were designated as in-place air 

voids, or VAIP, and the value of (100-VA IP) is equal to the %Gmm. The term óin-placeô is used 

even though the mixtures with these volumetric conditions were never paved in the field. The 

relationships among the volumetric parameters, i.e., VMA, VFA, Va, VMAIP, VFAIP, %Gmm (or 

VAIP), follow Equations (4.1) through (4.4).  

As for the PMLC mixture, the samples were acquired during quality assurance checks 

from an actual paving project in Maine. Ten samples were collected on ten different days. The 

volumetric properties of the ten samples differed due to construction-related variability. 

Performance tests were carried out for each sample, and then performance simulations were 

conducted. The samples were collected as part of the shadow project of the research project, 

Develop and Deploy Performance Related Specifications (PRS) for Pavement Construction, 

funded by the Federal Highway Administration (FHWA); therefore, the PMLC mixture in this 

chapter is referred to as the óshadowô mix.  
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4.4.1. SM12.5 Mixture 

The SM12.5 mixture was previously used in the reclaimed asphalt pavement (RAP) / 

warm mix asphalt (WMA) study at the FHWAôs Accelerated Loading Facility (ALF) in McLean, 

Virginia in 2013; it was used to pave ALF Lane 6. (FHWA 2018) The mixture is a coarse-graded 

12.5-mm nominal maximum aggregate size (NMAS) mixture containing PG 64-22 binder and 

22% RAP. For this study, the original job mix formula was modified to yield different 

volumetric conditions at Ndes and in-place, but the RAP content was kept constant at 22 percent. 

The job mix modifications included two additional gradations so that three different VMA 

percentages at the Ndes (13%, 14%, and 15%) could be included in the tests. The gradations were 

designed using the Bailey method to ensure that the final VMA percentages were close to the 

targets. For each gradation, three binder contents were applied to yield different VFA 

percentages and air void contents at the Ndes. In total, nine different combinations of the 

components were created. 

Test specimens were then fabricated for performance testing. In order to mimic different 

compaction levels in the field, the test specimens were compacted with three different in-place 

air void contents (VAIP). This experimental design should have yielded 27 conditions, but 

because of the limited compactibility for some combinations, only 21 conditions were actually 

evaluated. Table 4.1 presents the volumetric properties and test results for the SM12.5 mixture. 

The in-place VMA and VFA values were calculated and are presented in Figure 4.2. The 

performance tests were conducted in the laboratory at the FHWAôs Turner-Fairbank Highway 

Research Center. Detailed information can be found in (Lee and Gibson 2015). Note that the 

terminology used for the Bailey method is used in this study. The gradation is represented by its 

percentage of coarse aggregate loose unit weight (%CA LUW), or simply coarse unit weight 
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CUW). Different CUW percentages yield different VMA percentages according to the Bailey 

method packing theory (Varik et al. 2002). 

Table 4.1. Volumetric Properties and Test Results of SM12.5 Mixture 

Gradation No. ID 
Volumetric at Ndes  In-place  Performance 

VMA  % AC  VFA Va  VA IP VMA IP VFA IP  %Damage Rut Depth (mm) 

CUW 110 

1 A 15 4.2 64.7 5.3  7 16.5 57.6  31.9 2.0 

2 B 15 4.2 64.7 5.3  9 18.3 50.9  33.1 3.6 

3 C 14.5 4.5 73.8 3.8  5 15.6 67.9  28.4 2.1 

4 D 14.5 4.5 73.8 3.8  7 17.3 59.6  29.8 3.3 

5 E 14.5 4.5 73.8 3.8  9 19.1 52.9  30.2 3.6 

6 F 14.7 4.9 79.6 3  5 16.5 69.6  26.6 3.7 

7 G 14.7 4.9 79.6 3  7 18.2 61.6  26.6 3.7 

CUW 100 

8 H 14.1 3.8 65.2 4.9  7 16.0 56.2  40.3 1.8 

9 I 14.1 3.8 65.2 4.9  9 17.8 49.4  38.0 2.1 

10 J 13.5 4.1 72.6 3.7  5 14.7 65.9  41.5 1.5 

11 K 13.5 4.1 72.6 3.7  7 16.5 57.5  34.2 2.1 

12 L 13.5 4.1 72.6 3.7  9 18.3 50.7  37.2 2.5 

13 M 13.7 4.4 78.7 2.9  5 15.6 67.9  31.9 2.7 

14 N 13.7 4.4 78.7 2.9  7 17.3 59.6  31.2 2.8 

CUW 95 

15 O 12.9 3.2 60.5 5.1  7 14.6 52.2  62.4 1.0 

16 P 12.9 3.2 60.5 5.1  9 16.5 45.4  51.2 1.9 

17 Q 12.5 3.6 68.8 3.9  5 13.5 63.0  45.4 1.3 

18 R 12.5 3.6 68.8 3.9  7 15.3 54.3  45.4 1.4 

19 S 12.5 3.6 68.8 3.9  9 17.1 47.5  39.3 2.8 

20 T 12.8 3.9 75.8 3.1  5 14.5 65.5  47.0 1.8 

21 U 12.8 3.9 75.8 3.1  7 16.3 57.1  39.5 1.8 

 

 
Figure 4.2. Distribution of volumetric conditions for SM12.5 mixture.  
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4.4.2. RS9.5B Mixture 

The RS9.5B mix is a typical fine-graded 9.5-mm NMAS North Carolina surface mixture. 

It contains 30% RAP and the virgin binder grade is PG 58-28. Similar to the SM12.5 mixture 

tests, the tests of this mixture were designed to have different volumetric conditions. Three 

gradations were selected using the Bailey method to yield different VMAs. The three gradations 

from fine to coarse are designated as CUW 50, CUW 60, and CUW 70, respectively. Two binder 

contents and three in-place air void contents were tested at the conditions used for gradations 

CUW 50 and CUW 70. One volumetric condition for CUW 60 was generated and tested. The 

RS9.5B mixtures are all designated with a preceding ñCò, two numbers that designate the CUW 

of the gradation (50, 60, or 70), one number that designates the target Va at the Ndes, and a final 

number that indicates the target in-place air void content, VA IP. The CUW number is separated 

from the target Va at the Ndes number with a dash. Table 4.2 presents the measured volumetric 

properties and test results. Figure 4.3 presents the volumetric conditions. This work was 

completed at North Carolina State University (NCSU).  

Table 4.2. Volumetric Properties and Test Results of RS9.5B Mixture 

Gradation ID 
Volumetric at Ndes   In-place  Performance 

VMA  % AC  VFA Va  VA IP VMA IP VFA IP  %Damage Rut Depth (mm) 

CUW 70 

C70-33 15.3 6.0 80.4 3.0  2.9 15.2 80.9  11.5 3.2 

C70-53 15.7 5.3 68.1 5.0  3.2 14.1 77.0  11.2 1.7 

C70-55 15.7 5.3 68.1 5.0  4.7 15.4 69.6  14.1 2.1 

C70-57 15.7 5.3 68.1 5.0  6.8 17.2 60.7  14.7 3.5 

CUW 60 C60-44 16.3 5.8 71.2 4.7  4.2 15.9 73.3  11.6 2.8 

CUW 50 

C50-33 17.4 7.0 82.8 3.0  3.3 17.6 81.6  9.3 5.2 

C50-54 17.2 6.1 70.9 5.0  3.9 16.2 76.0  10.1 2.7 

C50-55 17.2 6.1 70.9 5.0  5.4 17.6 69.1  11.3 3.8 

C50-57 17.2 6.1 70.9 5.0  7.3 19.2 61.8  11.4 4.6 
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Figure 4.3. Distribution of volumetric conditions for RS9.5B mixture. 

4.4.3. Shadow Mixture  

The shadow mixture is a 12.5-mm coarse-graded asphalt mixture with PG 64-28 binder 

and 20% RAP. Even though this shadow mix testing utilized a single target gradation and binder 

content, the measured gradations and volumetric properties varied from sample to sample due to 

construction variability. In addition, for some samples, the performance tests were carried out at 

multiple in-place air void contents. Therefore, ten volumetric properties were included in the 

tests. Some of these performance tests were conducted at the Maine Department of 

Transportation (MaineDOT) and some at NCSU. The sample ID follows the naming convention 

used by MaineDOT. Table 4.3 presents the measured volumetric properties and test results. 

Figure 4.4 presents the volumetric conditions.  
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Table 4.3. Volumetric Properties and Test Results of Shadow Mixture 

Tester ID 
Volumetri c at Ndes  In-place Performance 

VMA  % AC  VFA Va  VA IP VMA IP VFA IP %Damage Rut Depth (mm) 

Maine 

DOT 

159352 15.5 5.3 70 4.7  7.2 17.7 59.4 12.9 2.1 

159355 15.9 5.2 72 4.4  2.2 14.2 82.4 9.9 1.2 

159360 16.8 5.9 77 3.9  2.4 15.6 84.0 9.7 1.2 

159361 17.3 5.9 73 4.7  7.6 19.7 61.9 12.7 2.2 

159352B 15.5 5.3 70 4.7  3.1 14.3 76.9 9.0 1.3 

159354A 16.2 5.7 78 3.5  4.9 17.4 72.1 12.5 1.5 

159354B 16.2 5.7 78 3.5  5.8 18.4 67.3 12.0 1.8 

NCSU 

159362 17.0 5.8 73 4.4  5.8 18.1 68.6 11.0 2.0 

159358 16.4 5.3 72 4.6  4.6 16.4 71.9 9.6 1.6 

159353 16.4 5.5 73 4.5  4.4 15.7 72.3 11.4 1.5 

 

 
Figure 4.4. Distribution of volumetric conditions for shadow mixture. 

4.5. Development of Performance-Volumetric Relationship Function 

This section presents the development and establishment of the relationship between the 

volumetric parameters and the performance of asphalt mixtures. Equations (4.5) and (4.6) show 

the basic forms of the PVR function. Statistical analyses were applied in this study to find the 

relationship between the predictors and response variables. In statistics, such relationships are 

defined via a response surface model. 
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4.5.1. Response Surface Model 

A response surface can be observed when the two volumetric parameters are plotted in 

three-dimensional space (Montgomery 2008). Figure 4.5 (a), (b), and (c) present contour plots of 

the fatigue damage surface of the SM12.5 mixture, RS9.5B mixture, and shadow mixture, 

respectively. The colors represent the %Damage values at various VFAIP and VMAIP 

combinations. The contours show that (1) the shape of the contour lines may have been affected 

by testing variability and (2) within the scope of interest, the contour lines can be approximated 

to some straight lines for simplicity or some lines with minor curvature. Note that due to the 

limited space, this section uses mostly fatigue damage as examples to show the model 

development. The findings for fatigue damage can be applied to permanent deformation (rutting) 

as well.  

 
Figure 4.5. Contours of response surface: (a) SM12.5 mixture, (b) RS9.5B mixture, and (c) 

shadow mixture.  

(a) (b)

(c)
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In order to complete the regression analysis for the response surface model, the form of 

the function had to be determined first. Because the contour lines show some linearity, the first-

order model could be examined by checking the linearity between the response variable and the 

predictors. Figure 4.6 presents the relationship between ó%Damageô and the individual 

volumetric parameters in the SM12.5 mixture as an example. Figure 4.6 shows a strong linear 

relationship between the %Damage and the VFAIP when the VMAIP is kept constant. The same 

observation can be made between %Damage and the VMAIP. The similarity in the slopes of the 

fitted trend lines also indicates that an interaction term may not be necessary. For asphalt 

mixtures, the physical meaning of the interaction term, which is the product of VMAIP and VFAIP, 

is the in-place volume of the effective binder, Vbeff. This finding means the effect of Vbeff has 

already been considered in VMAIP and VFAIP. Based on the observations, the first-order model 

appears to be a good candidate for the regression analysis.  

 
Figure 4.6. Linearity in performance-volumetric relationship: (a) %Damage vs. in-place VFA 

and (b) %Damage vs. in-place VMA. 

Other typical models also were evaluated and compared in this study using statistical 

methods. These models are presented as Equations (4.9) through (4.13).  

¶ First-order model: 
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¶ First-order model with interaction: 

0 1 2 12 ,% IP IP beff IPDamage VMA VFA Vb b b b e= + ³ + ³ + ³ +  (4.10) 

¶ Second-order model:  

2 2

0 1 2 12 , 11 22% IP IP beff IP IP IPDamage VMA VFA V VMA VFAb b b b b b e= + ³ + ³ + ³ + ³ + ³ + (4.11) 

¶ Exponential function:  

( )0 1 2% ln IP IPDamage VMA VFAb b b e= + ³ + ³ +  (4.12) 

¶ Power function: 

1 2

0% IP IPDamage VMA VFA
b bb= ³ ³   (4.13) 

where Vbeff,IP is the in-place volume of the effective binder; ɓ0, ɓ1, ɓ2, ɓ12, ɓ11, and ɓ22 are 

fitting coefficients and Ů is the residual of the regression. Note that the exponential equation and 

power function are essentially linear functions in the log-log scale.  

These typical models were evaluated and compared statistically using adjusted R2 values, 

p-values from analysis of variance (ANOVA) tests, and p-values of each term from Studentôs t-

tests. Table 4.4 presents the parameters used in the three sets of tests. According to the statistics, 

the regression with the linear function shows significance in all cases, whereas the first-order 

model with interaction and the second-order model seem unable to model the relationship.  
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Table 4.4. Statistical Parameters in Regression Analysis 

Mixture  Parameter 
1st-order 

Model 

1st-order Model 

with Interaction  

2nd-

order 

Model 

Exponential Power 

SM12.5  

R2 0.84 0.85 0.88 0.88 0.89 

Adj. R 2 0.83 0.82 0.84 0.87 0.87 

P-value 5.18E-08 0.00 0.01 5.16E-09 3.37E-09 

P-value 

of each 

term 

ɓ0 3.37E-10 0.04 0.01 1.91E-14 1.25E-11 

ɓ1 4.42E-08 0.21 0.03 5.32E-09 3.57E-09 

ɓ2 3.58E-07 0.34 0.07 3.32E-08 2.35E-08 

ɓ12 - 0.69 0.11 - - 

ɓ11 - - 0.05 - - 

ɓ22 - - 0.27 - - 

RS9.5B 

R2 0.76 0.80 0.90 0.79 0.79 

Adj. R 2 0.68 0.68 0.73 0.72 0.72 

P-value 0.01 0.03 0.10 0.01 0.01 

P-value 

of each 

term 

ɓ0 1.29E-03 0.12 0.45 1.18E-04 1.16E-03 

ɓ1 2.93E-02 0.25 0.96 1.95E-02 2.00E-02 

ɓ2 4.95E-03 0.23 0.23 3.29E-03 3.49E-03 

ɓ12 - 0.36 0.62 - - 

ɓ11 - - 0.62 - - 

ɓ22 - - 0.22 - - 

Shadow  

R2 0.70 0.70 0.73 0.69 0.70 

Adj. R 2 0.61 0.55 0.39 0.60 0.61 

P-value 0.02 0.05 0.24 0.02 0.01 

P-value 

of each 

term 

ɓ0 0.00 0.81 0.79 0.03 0.36 

ɓ1 0.02 0.85 0.74 0.24 0.23 

ɓ2 0.01 0.91 0.83 0.31 0.30 

ɓ12  - 0.97 0.78  - -  

ɓ11  - -  0.72  - -  

ɓ22  - -  0.89  - -  

 

Other variables in the regression also were used in this evaluation. Figure 4.7 presents the 

residuals, normal probability, and model predictions from the linear regression using the first-

order model; only the data from the SM12.5 mixture are shown as an example. The figure shows 

that the residuals are normally distributed along the x-axis, the normal probabilities are linearly 

distributed, and the comparison between the predicted %Damage and observed %Damage shows 
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good agreement. The same process was used to evaluate the regression using other models. In 

summary, the first-order model and power model were found to be most promising; more 

experimental evidence is needed to determine which model is better than the other. Engineers 

should make a judgment regarding model selection with consideration of the following factors: 

¶ Both models have only three coefficients to calibrate, reducing the effort for 

model calibration. 

¶ The first-order model provides reasonable fit and predictions; however, the power 

function can represent nonlinearity better than the first-order model in some 

scenarios.  

The developed PVR function may be used in situations where extrapolation is necessary 

and in these cases, the sensitivity of the model affects the prediction accuracy. According to the 

results of work, the linear model shows less sensitivity to variability in the experimental data 

than the power model. Note that laboratory-to-field transfer functions have not been 

implemented in FlexPAVETM. The transfer functions are expected to be nonlinear, and therefore 

the linear PVR function would result in a nonlinear change in the pavement performance as a 

function of the volumetric parameters when the transfer functions are applied. 
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Figure 4.7. Regression analysis results: (a) and (b) residual plots, (c) normal probability plot, and 

(d) comparison between predictions and observations. 

4.5.2. Characterization of Performance-Volumetric Surface 

According to the results presented in the previous section, the first-order model and the 

power form model are sufficient to represent the PVR function. However, when the function is 

implemented in industry, agencies or contractors cannot afford to conduct the ten sets of 

performance tests needed to calibrate the function for one asphalt mixture. Therefore, a method 

is needed to reduce the amount of work required for model calibration.  

Both the first-order function and the power function have three model coefficients to 

calibrate, which means that at least three sets of data should be provided for calibration. 

However, due to the inevitable random errors in performance tests, selecting three volumetric 

conditions may not be sufficient to calibrate the entire surface. Thus, the number of necessary 

volumetric conditions was evaluated. A rule of thumb is recommended here for the selection of 
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the effective volumetric conditions needed for model calibration. Note that the evaluation shown 

in this chapter is based on the first-order model, but the same approach can be applied to the 

power model as well.  

4.5.2.1. Rule of Thumb for Detecting Volumetric Conditions for Model Calibration 

A brute force approach was adopted to develop the rule of thumb selection process. First, 

all possible combinations of three conditions were chosen and used to fit the coefficients of the 

linear model. For example, the SM12.5 mixture had a total of 21 conditions, which results in 

1330 possible unique combinations with three conditions, which are each evaluated. Then the 

same was repeated using combinations of four and five conditions. The fitted coefficients were 

then used to predict the %Damage and rut depths for all the volumetric conditions that had been 

tested. Next, the errors between the predictions and observations were calculated. The 

combinations were then ranked by the normalized R2 value defined in (4.14), considering the 

sum of square error in both the fatigue and rutting performance predictions. Note that the 

normalized R2 value, being different from traditional R2 values, varies from 2 to minus infinity. 

Higher values indicate less error in regression.  
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where  

Rn
2 = normalized R2 value, 

n   = number of total volumetric conditions in each experiment, not limited to the 

number of conditions used in the calibration, 

fi and r i  = values of individual observations for fatigue damage and rut depth, respectively, 
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f0 and r0  = mean values of observations for fatigue damage and rut depth, respectively, and 

Ĕ
if  and Ĕ

ir
 = predicted values at each volumetric condition for fatigue damage and rut depth, 

respectively.  

The combinations that yielded high normalized R2 values were evaluated. Regardless of 

the number of conditions used in the calibration, the best ten or twenty combinations in each 

scenario were selected for further investigation. It was observed that the selected combinations 

were almost always those where the selected conditions were spread out and located at the edge 

of the in-place VMA and in-place VFA space. This finding is expected because the wider the 

range the calibration conditions can cover, the more representative of the performance surface 

the calibrated functions can become. For example, to calibrate the performance surface of the 

SM12.5 mixture, the combination of Conditions Q, P, and G and the combination of Conditions 

A, E, Q, and P both yield high-quality regression results (see Table 4.1 and Figure 4.2 for these 

conditions). In summary, the rule of thumb for the condition selection used in the model 

calibration is to spread out the conditions in the volumetric space to ensure that a wide range of 

conditions is covered.  

The amount of time required for conducting performance tests for model calibration is an 

important factor with regard to efficiency. In order to implement the PVR function in the 

industry, the testing time should not exceed a certain limit. Note that the concept of PVR is 

introduced so that the performance tests do not have to be performed during mixture production 

and paving. The performance tests at the required volumetric conditions need be performed 

during the performance-engineered mixture design or during the development of performance-

related specifications. This research has found that three to five different volumetric conditions 

should be sufficient to characterize the response surface if the conditions are determined based 
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on the proposed rule of thumb. All scenarios with three, four, and five combinations were 

evaluated. In order to understand the criterion that is used to examine the combinations, the 

combinations are ranked by average absolute error, which can be computed using Equation 

(4.15).  

1
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n
i i

i i

y y

y
e

n

=

-
³

=

ä
 

(4.15) 

Where 

 e  = average absolute % error, 

Ĕ
iy  = predicted %Damage or rut depth for each individual condition, and 

iy  = %Damage or rut depth for each individual condition. 

Figure 4.8 presents the averaged absolute percentages of error (e) for all combinations for 

the SM12.5 mixture. As shown in Figure 4.8 (a) and (b), when three, four, or five conditions are 

chosen for calibration, the average error starts at 6% with the best combination. The rule of 

thumb serves as guidance to select the best or suitable combinations. In all cases, the best few 

hundred combinations can yield less than 10% average error when they are used in the model 

calibration. Figure 4.8 (c) and (d) show the number and probability of finding combinations that 

yield less than 10% error when using three, four, or five conditions. Figure 4.8 (d) shows that, if 

three conditions are used in the model calibration for the SM12.5 mixture, among all the 

combinations, 30% can provide predictions with less than 10% average error. The percentages 

for four and five combinations are higher. Thus, using four or five conditions in the PVR model 

calibration can reduce the likelihood of low-quality predictions. Note that the increase in the 

acceptable percentage from four conditions to five conditions is less than the ones from three to 

four conditions.  
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Figure 4.8. Evaluation results for combinations of volumetric conditions in model regression. 

Note: the acceptable error threshold for (c) and (d) was fixed to be 10 percent. 

Figure 4.9 presents the prediction results for the three mixtures. The first-order model 

was applied, and the PVR function was calibrated using four conditions for each of the three 

mixtures. The conditions for each mix were selected based on the recommended rule of thumb. 

Specifically, three volumetric conditions were used for the SM12.5 mixture: Conditions E, F, P, 

and Q. Four conditions were used for the NC RS9.5B mixture to calibrate the PVR function: 

Conditions C70-53, C70-57, C50-33, and C50-57. As for the shadow mix, the four conditions 

used in the calibrations were 159352, 159360, 159361, and 159352B. The predictions obtained 

from the PVR function in these scenarios yielded good agreement with the measurements 

obtained from the tests. In short, the PVR function is able to capture the effects of the changes in 

volumetrics on mixture performance.  
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Figure 4.9. Prediction results obtained from calibrated PVR function: (a) and (b) SM12.5 

mixture, (c) and (d) RS9.5B mixture, and (e) and (f) shadow mixture. 

4.6. Summary and Future Work 

This chapter proposes a function that describes the PVR. Experimental data are 

presented, and the PVR model is established. The following conclusions can be drawn: 

¶ The volumetric properties or traditional AQC parameters can be articulated as two 

parameters, in-place VMA and in-place VFA. The mixture responses relate to 

changes in those two parameters.  
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¶ Statistical analysis results indicate that the first-order model and the power model 

can be used in the PVR function.  

¶ Only three to five volumetric conditions are needed to calibrate the PVR function 

for one mixture. A rule of thumb for selecting such volumetric conditions is 

provided.  

¶ The predictions from the calibrated PVR function show good agreement with the 

measurements from other volumetric conditions that are not used in the PVR 

calibration.  

¶ The PVR function can be used in performance-engineered mix design and 

performance-related specifications by conducting the AMPT performance tests on 

a few volumetric conditions. Once the PVR is calibrated, engineers can evaluate 

the performance of the mixture for any volumetric condition. 

¶ Furthermore, the pay tables in the performance specifications can be created 

based on the predicted pavement performance. For example, for the RS9.5B 

mixture that was used in the study and the selected specific pavement structure, 

the model indicates that a change in in-place VMA of 0.5 (from 16 to 16.5), the 

pavement would gain approximately two years of fatigue life. The pay tables can 

then be developed based on the corresponding changes in life-cycle costs. The 

work on developing the pay tables will be completed in the future. 

¶ It has been noticed that even though multiple replicates have been used in each 

test, testing errors are inevitable, and they have been included in the model 

calibration. Moreover, the model may also contain system error. The effects of the 

errors will be evaluated in the model reliability study in the future.  
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¶ In future studies, the changes in binder properties during construction can also be 

evaluated. The results of the study can be included in the performance prediction 

model; thus, the future QA specifications should be able to take the effects of 

binder change quantitatively into account.  
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CHAPTER 5. DEVELOPMENT OF FRAMEWORK OF THE PREDICTIVE 

PERFORMANCE-ENGINEERED MIX DESIGN PROCED URE FOR ASPHALT 

MIXTURES 4 

The next two chapters present a new asphalt mixture design framework for performance-

engineered mix design (PEMD). In this chapter, the framework for predictive PEMD is 

presented and the next chapter presents the index-based PEMD. In this study, the proposed 

frameworks were programmed in an Excel-based software, so-called FlexMIXTM. This software 

provides a platform where performance-volumetric relationships (PVRs) and index-volumetric 

relationships (IVRs) can be developed, and both index-based and predictive PEMD approaches 

can be performed. 

The predictive PEMD allows pavement engineers to select an optimized mix design based 

on the predicted pavement/mixture performance for all possible combinations of the given 

set of component materials (i.e., aggregate and binder) in the design space. The proposed 

method is based on the óperformance-volumetric relationshipô (PVR) concept. The 

calibration of the PVR is based on the performance predicted from FlexPAVETM, a three-

dimensional finite element program that performs viscoelastic analysis under moving 

loads, using the material properties of the asphalt mixture in question at widely spaced 

volumetric conditions. This article presents the theory and procedure that underlie the 

proposed design method. Three mixtures of different nominal maximum aggregate sizes 

                                                 
4 This chapter has been submitted for publication as: Wang, Y. D., Ghanbari. A., Underwood, B. S., and Kim, Y. R., 

2020. Development of the Framework of Performance-engineered Mix Design for Asphalt Concrete. International 

Journal of Pavement Engineering.  

 

I, Amir Ghanbari, contributed to the paper by developing the FlexMIXTM program, collecting the Stress Sweep 

Rutting test data, preparing the manuscript, and participating the data analysis and interpretation of the results.  
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(NMAS) and binder types are used to demonstrate the PEMD procedure. Finally, the 

predicted performance results from different design approaches are compared. 

5.1. Introduction  

Pavement engineers have been seeking improvements for asphalt mixture design since 

the Strategic Highway Research Program (SHRP) was completed. Most state agencies in the 

United States currently use the SHRP Superpave volumetric mix design. According to the 

original SHRP contract, hierarchical levels of mix design were initially planned. For example, 

for a mix to be used with less than 1 million equivalent standard axle loads (ESALs), only 

volumetric criteria are needed. When the design calls for mixtures to be loaded with more than 1 

million ESALs, then, in addition to meeting the volumetric criteria, performance tests should be 

conducted and pavement distress(es) as a function of time should be estimated during the mix 

design process. However, due to limitations of mechanistic models for asphalt mixtures and test 

methods in the 1990s, only volumetric mix design was ready to be implemented at the end of the 

SHRP project (McDaniel et al. 2011). 

Over the past 25 years, agencies have sought to improve mix design methods and 

performance of asphalt mixtures. Approaches that have been tried by researchers and 

practitioners include changing the design criteria, i.e., increasing or decreasing the air void 

content at the design number of gyrations (Ndes), increasing the minimum voids in mineral 

aggregate (VMA), and so forth (Bonaquist et al. 2017, Advanced Asphalt Technology 2011, 

Prowell and Brown 2007, Christensen and Bonaquist 2006, West and Marasteanu 2013, 

Montoya et al. 2018, Hekmatfar et al. 2015). However, such improved design methods fall 

within the framework of empirical volumetric design, and the performance component of the 

mixtures is still missing from the design methods. Over the past two decades, technologies for 
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asphalt mixtures have evolved dramatically. For instance, different binder modifiers are now 

used more commonly to improve the performance of conventional hot mix asphalt. The use of 

recycled products in asphalt concrete has increased significantly. Therefore, providing 

contractors with more flexibility in mix design based on sound engineering principles would 

benefit the industry. 

As more mechanistic models and practical test methods are being developed, engineers 

have started to implement performance-related tests in mix design. The integration of 

performance-related tests with mix design is described as óbalanced mix designô (BMD). A task 

force for BMD was set up and three BMD approaches have been introduced to the asphalt paving 

community (West et al. 2018). The first two approaches (Approach 1 and Approach 2) start with 

volumetric design and use performance-related tests to ensure adequate performance in terms of 

critical distresses, i.e., rutting and fatigue cracking (see Figure 5.1). In these approaches, 

iterations may be needed if the trial mixture fails to pass the performance criteria. Performance-

related tests used in BMD typically include a fatigue test and a rutting test. The commonly used 

fatigue tests include the semi-circular beam fatigue test, indirect tension (IDT) fracture energy 

test, IDEAL-CT test, etc. (Cao et al. 2018, Ozer et al. 2016, Roque et al. 1997, Zhou et al. 2007). 

The commonly used rutting tests are torture tests, such as the Hamburg wheel-tracking test and 

the Asphalt Pavement Analyzer test, etc. (West et al. 2018).  



   

101 

 

 

Figure 5.1. Schematic illustration of the three BMD approaches (West et al. 2018). 
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requirements essentially applies more constraints to the mix design, which limits flexibility for 

the designers. The third approach in BMD is a performance design approach that proposes to 

start with performance design directly. Unfortunately, details about this design procedure are 

lacking. 

This chapter presents the framework for a newly developed performance-engineered 

mixture design (PEMD) approach that uses mixture performance to determine the optimal mix 

design; specifically, it uses the fatigue cracking and rutting performance-volumetric relationships 

(PVRs) to determine the optimal combination of aggregate gradation and asphalt content. In 

contrast to the design methodology that is employed for BMD, the PVR model allows users to 

predict the performance of all reasonable combinations of the given set of aggregate and binder, 

instead of checking the performance of the candidate mixture that is selected using volumetric 

criteria. The following sections present the procedure for the proposed PEMD framework with 

examples and test results. 

5.2. Objective 

The objective of this study is to develop the asphalt mixture PEMD method that 

optimizes aggregate gradation and binder content from a given set of aggregate stockpiles and 

asphalt binder. This chapter introduces the underlying concepts and framework for a predictive 

PEMD method and its application to the design of three different asphalt mixtures. Details of 

each step in the PEMD may vary depending on the agencyôs or contractorôs current practice, but 

the presented framework will not change. 

5.3. Research Approach 

The PEMD method is supported by mechanistic models and test methods. The models are 

briefly introduced in this section with the corresponding test methods. 
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5.3.1. Mechanistic Models and Test methods 

5.3.1.1.  The S-VECD Fatigue Model and Cyclic Fatigue Test 

The Simplified Viscoelastic Continuum Damage (S-VECD) model and cyclic fatigue 

tests are used in the proposed PEMD method. The S-VECD model applies the elastic-

viscoelastic correspondence principle, continuum damage work potential theory, and time-

temperature superposition with growing damage. The S-VECD model is composed of a damage 

characteristic curve to demonstrate the relationship between the reduction in material pseudo 

stiffness (C) and the growth of damage (S) (Underwood et al. 2010) as well as a failure criterion, 

DR, which indicates the occurrence of macro-cracks in the material (Wang and Kim 2017). The 

S-VECD model is able to predict the damage evolution and fatigue failure under different modes 

of loading, loading amplitudes, and loading temperatures (Ding et al. 2020).  

In order to calibrate the model, the dynamic modulus test in accordance with AASHTO T 

378 (for 100 mm x 150 mm specimens) or AASHTO TP 132 (for 38 mm x 110 mm specimens) 

should be performed first to characterize the materialôs linear viscoelastic properties. Cyclic 

fatigue tests that use an Asphalt Mixture Performance Tester (AMPT) following AASHTO TP 

107 (for 100 mm x 130 mm specimens) or AASHTO TP 133 (for 38 mm x 110 mm specimens) 

are required to calibrate the S-VECD model coefficients. Direct tension loads at 10 Hz are 

applied during these tests. The target on-specimen strain amplitude usually varies from 250 

microstrain to 500 microstrain, depending on the stiffness of the mixture. 

5.3.1.2. The Shift Rutting Model and the Stress Sweep Rutting Tests 

As presented in Chapter 2, the shift rutting model is employed in the proposed design 

method to characterize the materialôs behavior in permanent deformation. The shift model 

applies a time-temperature shift factor and a deviatoric stress shift factor to model the permanent 
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strain evolution at different loading levels and loading temperatures (Kim and Kim 2017). The 

model coefficients should be calibrated using AMPT stress sweep rutting tests in accordance 

with AASHTO TP 134. The stress sweep rutting test is conducted at two temperatures, and at 

each temperature, three levels of deviatoric stress are applied on the specimen with a constant 

confining pressure. 

5.3.1.3. FlexPAVETM  for Pavement Performance Simulation and Prediction 

The proposed PEMD method is able to predict the performance of asphalt mixtures. 

FlexPAVETM is employed in the PEMD method to estimate mixture performance in terms of 

pavement structure, traffic load, and climate station data. As mentioned in the previous chapters, 

this software program utilizes three-dimensional finite element analysis with moving loads to 

compute the mechanical responses under various traffic loads. The Enhanced Integrated Climatic 

Model (EICM) is used to introduce realistic climatic conditions to pavement response and 

performance calculations. The computed strain and stress are then used to calculate the fatigue 

damage and rut depth. The fatigue damage evolution in the pavement cross-section is simulated 

using the S-VECD model. The obtained percentage of damage, ó%Damageô, in the pavement 

cross-section is then converted to the percentage of cracking, ó%Crackingô, on the pavement 

surface using a newly developed preliminary transfer function (Wang et al. 2020b). The rut depth 

is computed using the shift model. Good agreement has been found between the FlexPAVETM 

predictions and field measurements (Wang et al. 2018, Wang et al. 2020b). 

The main advantages of using a mechanistic model and FlexPAVETM 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. 
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With given thresholds of the maximum allowable %Cracking and rut depth, the 

pavement life in terms of fatigue cracking and permanent deformation, 

respectively, can be predicted. A comparison is made between the pavement lives 

that are predicted from %Cracking and from rut depth, and the minimum value 

obtained from this comparison is used to estimate the life of that pavement. Thus, 

users can select the óperformance-optimumô design based on the predicted 

pavement life. 

¶ 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. 

 

5.4. Performance-Volumetric Relationship  

Previous studies have found that, for asphalt mixtures that are composed of the same set 

of component materials and similar aggregate structures, a linear relationship exists between 

performance and the volumetric parameters, i.e., the in-place VMA (VMAIP) and the in-place 

voids filled with asphalt (VFAIP), as presented in Equation (5.1). The PVR concept considers 

óperformanceô to be the performance of the asphalt mixture of interest in a pavement structure 

and is represented by %Damage and the asphalt layer rut depth in the pavement cross-section. 

The predictors in the PVR are the VMAIP and VFAIP, with performance being the response 

variable. The term óin-placeô indicates that the volumetric properties are associated with the air 

voids in the AMPT test specimens, or with the measured field density if field cores are tested. 

Equations (5.2) and (5.3) present the relationships for the VMAIP and VFAIP volumetric 

parameters, respectively. These equations demonstrate the relationship between the in-place 
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volumetric parameters and the corresponding volumetric parameters as asphalt samples are 

compacted to the Ndes. They show that, essentially, VMAIP and VFAIP are functions of typical 

design parameters, or acceptance quality characteristics (AQCs), i.e., VMA at Ndes, VFA at Ndes, 

air void content at Ndes, asphalt content, compaction density, and so forth. In other words, VMAIP 

and VFAIP can represent the various volumetric properties of a mixture in two volumetric 

properties and can be effectively used in the PVR. In this study, the in-place VMA and VFA are 

designated as VMAIP and VFAIP, but VMA and VFA without subscripts indicate the volumetric 

properties when asphalt samples are compacted to the Ndes. 
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(5.3) 

where  

%Damage  = %Damage in the pavement cross-section predicted by FlexPAVETM, 

Rut depth = the asphalt layer rut depth predicted by FlexPAVETM, 

VMA = voids in mineral aggregate at the design compaction level (Ndes), 

VMAIP = voids in mineral aggregate as constructed, 

Va = percentage of air void content at Ndes, 

%Gmm = compaction level as constructed, 
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Gmm  = theoretical maximum specific gravity, 

Ps   = aggregate content, percent by total mass of mixture, 

Gsb  = bulk specific gravity of aggregate, and 

ɓf0, ɓf1, ɓf2, ɓr1, ɓr2, and ɓr0 = fitting coefficients.  

Figure 5.2 (a) presents the effects of the mix design factors on the VMA IP and VFAIP in 

the volumetric space. The arrows in the figure indicate the changes in the VMAIP and VFAIP as 

the design parameters change. Wang et al. (2019) conducted an in-depth study of the optimal 

positions and number of volumetric coordinates that are necessary to predict the performance of 

mixtures in the entire space and, therefore, that are necessary to develop a PVR. Wang et al. 

(2019) concluded that four volumetric conditions (hereinafter called ófour cornersô), which are 

separated by the furthest distance from each other within the quadrangular range of the 

volumetric conditions, can yield reliable predictions of performance at any volumetric condition 

and therefore can be used to calibrate the PVR function. Figure 5.2 (b) shows an example of the 

changes in %Damage as a function of the changes in the volumetric properties that are predicted 

from the PVR, which is calibrated using the four corners approach.  
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Figure 5.2. (a) The volumetric space formed by VMAIP and VFAIP and effects of mix design 

parameters on VMAIP and VFAIP; and (b) %Damage contour in a pavement structure in the 

volumetric space. 

5.5. Materials 

Three asphalt mixtures, RS9.5B, SM12.5, and RI19C, were used to develop the proposed 

PEMD method and are presented here as examples. These mixtures contain aggregate materials 

from different sources with different gradation types (fine-graded versus coarse-graded), normal 

maximum aggregate size (NMAS), binder performance grades (PGs) and reclaimed asphalt 
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primary mixtures to develop the predictive PEMD. It is a typical North Carolina fine-graded 9.5 

mm NMAS surface mixture. The grade of the virgin binder in the RS9.5B mixture is PG 58-28 

and the mixture contains 30% RAP. The design traffic level is 0.3 to 3 million ESALs. The 

second mixture is the SM12.5 mixture from Virginia. Different from the RS9.5B mixture, the 

SM12.5 mixture is coarse-graded with 12.5 mm NMAS. It contains PG 64-22 binder and 

contains 22% RAP. The SM12.5 mixture was used in the 2013 warm mix asphalt/RAP study 

conducted at the Federal Highway Administration (FHWA) Accelerated Loading Facility (ALF); 

it was used in ALF Lane 6 and served as the control mixture in that study. The third mixture is 

RI19C, a typical North Carolina fine-graded intermediate/base layer mixture with 19 mm 

NMAS. The virgin binder grade in the RI19C mixture is PG 64-22 and the mixture contains 20% 

RAP.  

5.6. Performance-Engineered Mixture Design Procedure and Results  

This section presents the procedure for the proposed PEMD. The RS9.5B mixture is used 

as an example to demonstrate each step. The results for the SM12.5 and RI19C mixtures are 

presented at the end of the section.  

5.6.1. Material Selection 

Selecting the materials to be used in the mixture is the first step in the mixture design 

process. These materials include the asphalt binder and aggregate. Other components, such as 

RAP and additives, if any, should also be determined. Relevant information, such as climate 

conditions and design traffic volume, must be known. In the PEMD method, the selection of the 

binder grade, NMAS, gradation type (fine-graded, coarse-graded, open-graded, or stone matrix 

asphalt), number of gyrations at Ndes, and other design parameters follow existing criteria and 

specifications. If the mixture is expected to contain RAP, the RAP content can also be 
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predetermined in this step. The RAP contents of RS9.5B, SM12.5, and RI19C mixtures used in 

this study are 30%, 22%, and 20%, respectively. RAP contents were determined based on the 

desired asphalt binder replacement ratio, cost, etc. The following steps were taken to determine 

the performance-optimum mixture design using the selected materials.  

5.6.2. Design Gradations and Generate the Design Volumetric Space 

In conventional mix design, the candidate gradation is determined following the selection 

of the materials. In the PEMD method, a range of gradations within the given gradation type 

should be generated to find the optimal gradation for the given aggregate materials and gradation 

type (i.e., coarse vs. fine). The range of gradations results in the various volumetric conditions in 

the design volumetric space, which can include almost all possible and reasonable combinations 

of the component materials. Figure 5.2 (a) presents an example of the design volumetric space 

for the SM12.5 mixture. This volumetric space consists of 21 volumetric conditions that are 

formed by different gradations, binder contents, and in-place air voids. The many conditions 

shown in the example were used to calibrate the PVR functions as well as to verify and validate 

the functions.  

In the proposed PEMD, only four conditions (two boundary gradations and two binder 

contents at each gradation) are needed to build the volumetric space and calibrate the PVR 

function. These four volumetric conditions are recommended to include two gradations 

representing the boundary of the corresponding gradation type (fine-graded, coarse-graded, or 

stone matrix asphalt), and two binder contents that are recommended to be tested at each of the 

two gradations. Table 5.1 to Table 5.3 present the tested volumetric conditions of the three 

mixtures used in this study, respectively. As only four conditions are recommended for the 

design method, more conditions were tested in the laboratory to further verify the effectiveness 
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of the PVR function and fully evaluate the mixturesô behavior. As a result, nine conditions were 

tested for the RS9.5B and RI19C mixtures, respectively, and 21 conditions for the SM12.5 

mixture. Note in the three tables that the gradations are designated in terms of the percentage of 

the coarse aggregate loose unit weight (CUW), a term used in the Bailey method where 

gradations are quantified (Vavrik et al. 2002). For the two North Carolina mixtures, RS9.5B and 

RI19C, the volumetric conditions are designated based on gradation, air voids compacted to Ndes, 

and air voids in the performance test specimens. For example, the designation C70-53 indicates 

that, at this condition, the gradation has 70% CUW and, using the design gradation and binder 

content, the gyratory-compacted specimen yields 5% air void content if it is compacted to the 

design number of gyrations, and the performance tests are conducted using specimens with this 

mix design but controlled to 3% air void content after coring and cutting.  

Table 5.1. Volumetric Properties of the RS9.5B Mixture  

Gradation ID 
Volumetrics at Ndes  In-place 

VMA  %Pb VFA Va  VA IP VMA IP VFA IP 

CUW 70 

C70-33* 15.3 6.0 80.4 3.0  2.9 15.2 80.9 

C70-53 15.7 5.3 68.1 5.0  3.2 14.1 77.0 

C70-55* 15.7 5.3 68.1 5.0  4.7 15.4 69.6 

C70-57 15.7 5.3 68.1 5.0  6.8 17.2 60.7 

CUW 60 C60-44 16.3 5.8 71.2 4.7  4.2 15.9 73.3 

CUW 50 

C50-33* 17.4 7.0 82.8 3.0  3.3 17.6 81.6 

C50-54 17.2 6.1 70.9 5.0  3.9 16.2 76.0 

C50-55* 17.2 6.1 70.9 5.0  5.4 17.6 69.1 

C50-57 17.2 6.1 70.9 5.0  7.3 19.2 61.8 

Note: * indicates the conditions that were used to calibrate the PVR function in the PEMD. Other 

conditions were tested for the PVR function verification. CUW represents percentage coarse 

aggregate loose unit weight, % AC is binder content, Va is air voids, and VAIP is in-place air 

voids. 
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Table 5.2. Volumetric Properties of the SM12.5 Mixture 

Gradation No. ID Designation 
Volumetric at Ndes  In-place 

VMA  % AC  VFA Va  VA IP VMA IP VFA IP 

CUW 110 

1 A*  C110-57 15.0 4.2 64.7 5.3  7.0 16.5 57.6 

2 B C110-59 15.0 4.2 64.7 5.3  9.0 18.3 50.9 

3 C C110-45 14.5 4.5 73.8 3.8  5.0 15.6 67.9 

4 D C110-47 14.5 4.5 73.8 3.8  7.0 17.3 59.6 

5 E C110-49 14.5 4.5 73.8 3.8  9.0 19.1 52.9 

6 F* C110-35 14.7 4.9 79.6 3.0  5.0 16.5 69.6 

7 G C110-37 14.7 4.9 79.6 3.0  7.0 18.2 61.6 

CUW 100 

8 H C100-57 14.1 3.8 65.2 4.9  7.0 16.0 56.2 

9 I C100-59 14.1 3.8 65.2 4.9  9.0 17.8 49.4 

10 J C100-45 13.5 4.1 72.6 3.7  5.0 14.7 65.9 

11 K C100-47 13.5 4.1 72.6 3.7  7.0 16.5 57.5 

12 L C100-49 13.5 4.1 72.6 3.7  9.0 18.3 50.7 

13 M C100-35 13.7 4.4 78.7 2.9  5.0 15.6 67.9 

14 N C100-37 13.7 4.4 78.7 2.9  7.0 17.3 59.6 

CUW 95 

15 O* C95-57 12.9 3.2 60.5 5.1  7.0 14.6 52.2 

16 P C95-59 12.9 3.2 60.5 5.1  9.0 16.5 45.4 

17 Q C95-45 12.5 3.6 68.8 3.9  5.0 13.5 63.0 

18 R C95-47 12.5 3.6 68.8 3.9  7.0 15.3 54.3 

19 S C95-49 12.5 3.6 68.8 3.9  9.0 17.1 47.5 

20 T* C95-35 12.8 3.9 75.8 3.1  5.0 14.5 65.5 

21 U C95-37 12.8 3.9 75.8 3.1  7.0 16.3 57.1 

Note: * indicates the conditions that were used to calibrate the PVR function in the PEMD. Other 

conditions were tested for the PVR function verification.  
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 Table 5.3. Volumetric Properties of the RI19C Mixture 

Gradation ID 
 Volumetric at Ndes  In-place 

 VMA  % AC  VFA Va  VA IP VMA IP VFA IP 

CUW 60 

C60-33*  14.2 5.2 78.9 3.0  3.0 14.2 78.9 

C60-55*  14.9 4.7 66.4 5.0  5.0 14.9 66.4 

C60-57  14.9 4.7 66.4 5.0  7.0 16.7 58.0 

CUW 67 C67-44  14.1 4.6 71.6 4.0  4.0 14.1 71.6 

CUW 75 

C75-33*  13.6 4.8 78.0 3.0  3.0 13.6 78.0 

C75-44  13.7 4.4 70.8 4.0  4.0 13.7 70.8 

C75-53  13.8 4.0 63.8 5.0  3.0 12.0 75.0 

C75-55*  13.8 4.0 63.8 5.0  5.0 13.8 63.8 

C75-57  13.8 4.0 63.8 5.0  7.0 15.6 55.2 

Note: * indicates the conditions that were used to calibrate the PVR function in PEMD. Other 

conditions were tested for the PVR function verification.  

 

Note that Figure 5.3 (a), Figure 5.4 (a), and Figure 5.5 (a) present the two boundary 

gradations, and Figure 5.3 (b), Figure 5.4 (b), and Figure 5.5 (b) show the binder contents used 

for the performance tests for each mixture. The methodology that is used to select the boundary 

gradations and binder contents for performance testing is explained in the following paragraphs.  
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Figure 5.3. RS9.5B mixture design information: (a) created gradation, (b) relationship between 

air void content at Ndes and selected binder contents for performance testing (empty circles), (c) 

measured volumetric data of the points in (b), and (d) selected design area and critical points in 

the volumetric space.  
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Figure 5.4. SM12.5 mixture design information: (a) created gradation, (b) relationship between 

air void content at Ndes and selected binder contents for performance testing (empty circles), (c) 

measured volumetric data of the points in (b), and (d) selected design area and critical points in 

the volumetric space. 
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Figure 5.5. RI19C mixture design information: (a) created gradation, (b) relationship between air 

void content at Ndes and selected binder contents for performance testing (empty circles), (c) 

measured volumetric data of the points in (b), and (d) selected design area and critical points in 

the volumetric space. 
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graded, etc.) should remain consistent among the created gradations. In order to achieve the test 

boundary gradations and satisfy the requirements in VMA differences mentioned above, the 

Bailey method is recommended (Vavrik et al. 2002). Figure 5.3 (a) shows the created test 

boundary gradations of the RS9.5B mixture. The differences in VMA provided by the boundary 

gradations are approximately 2 percent.  

For each of the boundary gradations, the Superpave mix design method is used to 

determine the initial binder content. In addition to the initial binder content at each gradation, 

two additional binder contents at the initial binder content ± 0.5% are suggested for the 

volumetric tests. The volumetric properties then are measured from the three binder contents for 

each of the two boundary gradations for a total of six conditions. Figure 5.3 (b), Figure 5.4 (b), 

and Figure 5.5 (b) present the volumetric properties of the RS9.5, SM12.5, and RI19C mixtures 

at six gradation-binder content combinations, respectively, for the binder content versus air void 

content space. Figure 5.3 (c), Figure 5.4 (c), and Figure 5.5 (c) present the same information for 

the VMA versus VFA space. Note that the VMA and VFA are calculated by assuming that the 

effective specific gravity (Gse) remains the same with the same gradation. 

Figure 5.3 (b), Figure 5.4 (b), and Figure 5.5 (b) show a linear relationship between the 

binder content and the air void content at the Ndes. The obtained relationship is used to determine 

the binder contents at 3% and 5% air void contents for each gradation. The reason for using 3% 

and 5% air void contents as the boundary is that the allowable air void percentage range in most 

design specifications is between 3% and 5% air void content at the Ndes. Some agencies tend to 

modify the specifications by reducing the air void content to 3% to increase the binder content, 

and some agencies increase the air void content to 5% so that the compaction effort required in 

the field also is increased (AAT 2011, Hekmatfar et al. 2015). 
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The volumetric properties at 3% and 5% air void contents for each gradation become the 

performance test conditions. These conditions are represented as empty circles in Figure 5.3 (b), 

Figure 5.4 (b), and Figure 5.5 (b) and constitute the four corners for the PVR development (as 

shown in Figure 5.3 (d), Figure 5.4 (d), and Figure 5.5 (d)). Note that the specimens used in 

Figure 5.3 (b), Figure 5.4 (b), and Figure 5.5 (b) are approximately 110 mm in height. The height 

of the gyratory sample to produce the AMPT performance test specimens is 180 mm. The 

targeted mass of the 180 mm tall gyratory specimens for each target air void content is 

determined in accordance with AASHTO R 83. 

The in-place air void contents of the performance test specimens are recommended to be 

the same or to change consistently with a constant offset from the air void content at Ndes. That 

is, for the 4% design air void content, the air void contents of the test specimens at Ndes for the 

four corners conditions should be 3% and 5 percent. The air void contents of the performance 

test specimens that correspond to the volumetric conditions at Ndes for 3% and 5% air void 

contents should be 3% and 5% or 5% and 7%, depending on the expected air void level in the 

pavement. When 5% and 7% air void contents are used for the test specimens, then clearly, a 2% 

offset from the air void content at Ndes has been applied. For the RS9.5B mixture, for example, 

one of the test conditions is C70-33. The naming convention indicates its volumetric condition 

whereby the gradation is CUW 70, the air void content at Ndes is 3%, and the air void content of 

the performance test specimens is 3 percent. In this case, the four corners are designated as C70-

33, C70-55, C50-33, and C50-55. The VMAIP and VFAIP, which are based on the in-place air 

void contents, of the three mixtures are calculated and cross-plotted in Figure 5.3 (d), Figure 5.4 

(d), and Figure 5.5 (d). The two-dimensional space formed by the VMAIP and VFAIP is defined 
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as the óvolumetric spaceô. The area inside the four corners in the volumetric space is defined as 

the ómix design volumetric regionô.  

The reasons for selecting the in-place air void content that is the same as the air void 

content at the Ndes for the performance testing are as follows.  

¶ The compactibility changes with binder content. In the field, the actual in-place 

air void content may change likewise if the compaction effort remains the same 

(AAT 2011).  

¶ In order to generate the volumetric design region, a range of VMAIP and VFAIP is 

needed. The variation in in-place air void content should be sufficiently large for 

the design region. The PVR function is used to predict the mixture performance 

under other conditions within the design region. 

 

5.6.3. Performance Test and Calibrating PVR Function 

As mentioned in the last section, after the performance tests are conducted on the 

mixtures with the four corner volumetric conditions, the results are used to build the PVR 

functions. Using the PVR functions calibrated from the four corner volumetric conditions, users 

are able to predict the mixture performance for any volumetric condition in the volumetric space. 

In the following steps, the performance-optimum design is determined using the developed 

PVRs, and the corresponding combination of component materials is obtained based on the 

known volumetric conditions.  

The performance tests used here are the dynamic modulus test, cyclic fatigue test, and 

stress sweep rutting test. The volumetric properties of the test specimens have been determined 

in the previous section. For example, for the RS9.5B mixture, the four corner conditions to be 

tested are designated as C70-33, C70-55, C50-33, and C50-55. The air void contents of the test 
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specimens, or the in-place air voids as called in this study, are indicated by the last digit in the 

names. The actual in-place air void contents of the test specimens should be controlled within ± 

0.5% of the target air void content. The obtained model coefficients are then used in the 

performance simulation, whereby mixture performance is integrated with actual pavement 

structures. At this step, two scenarios are considered.  

1. If the pavement structure is determined before the mixture is designed, or if the mixture 

and structure are designed together, then the mixture properties can be input into the 

available pavement structure.  

2. If the pavement structure is not yet determined, which is common for most states in the 

United States, then typical pavement structures are considered for the design. 

When mixtures are designed with different traffic volume requirements, the pavement structures 

in which the mixtures will be used should vary accordingly with the traffic volume. Table 5.4 

presents the typical pavement structures recommended by the North Carolina Department of 

Transportation for different traffic levels in the NCDOT Pavement Design Manual (NCDOT 

2019) used in this proposed PEMD framework; however, agencies and contractors can use 

typical structures based on their practice and experience. For structures with multiple asphalt 

layers, typical material properties can be used in the pavement analysis of the mixtures that are 

not the mixture to be designed. For example, if the design mixture is a surface RS9.5B mixture, 

then for the pavement performance analysis using 3 to 10 million ESALs, typical material 

properties of an RI19C mixture can be used for the second layer.  
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Table 5.4. Typical Structures for Different Design Traffic Volumes 

  

Design Traffic Level (million ESALs) 

0.3-3 3-10 10-30 

Typical 

Structures 

3" Asphalt  

8" ABC (206 MPa) 

Subgrade (124 MPa) 

3" Asphalt 

2.5" Asphalt 

8" ABC (206 MPa) 

Subgrade (124 MPa) 

3" Asphalt 

4" Asphalt 

8" ABC (206 MPa) 

Subgrade (124 MPa) 

 

Figure 5.6 (a) and (b) respectively present the damage evolution and average permanent 

strain (APS) growth during the 20-year design period for the RS9.5B mixture. The % APS is 

obtained by dividing the total permanent deformation of the target asphalt layer by the layer 

thickness. Note that instead of using the predicted rut depth in the asphalt layer, the % APS is 

used in this analysis. A recent study found that % APS is a better indicator than rut depth to 

describe the materialôs rutting resistance (Ghanbari et al. 2020). The %Damage and % APS at 

the end of the design life are used to calibrate the PVR function. The PVR coefficients in 

Equation (5.1) are obtained using optimization in curve fitting. The PVR and PVR-t coefficients 

are presented in Table 5.5.  
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Table 5.5. Coefficients of PVR and PVR-t Functions for Different Asphalt Mixtures 

Function Coefficient RS9.5B SM12.5 RI19C 

PVR 

Function 

ɓf0 50.707 115.080 25.910 

ɓf1 -0.914 -3.910 -0.670 

ɓf2 -0.257 -0.505 -0.025 

ɓr0 -6.638 -0.870 -0.871 

ɓr1 0.303 0.401 0.097 

ɓr2 0.046 0.070 0.002 

PVR-t 

Function 

p0-fatigue 0.606 0.707 0.774 

m-fatigue 0.376 0.644 0.620 

n-fatigue 0.829 0.877 0.908 

p0-rutting 0.455 0.439 0.482 

m-rutting 0.256 0.413 0.439 

n-rutting 0.736 0.719 0.753 

 

Figure 5.6 (c) and (d) respectively present the %Damage and % APS contours. 

Combining Figure 5.6 and Figure 5.2, the PVR function indicates that, as the gradation becomes 

coarser, the predicted %Damage increases while the predicted rut depth decreases. When the 

gradation remains the same, the increase in binder content decreases the amount of predicted 

%Damage but increases the rut depth. The predicted %Damage and rut depth obtained from the 

PVR are determined prior to the application of the transfer function in FlexPAVETM. Applying 

the transfer function in the next step provides the predicted performance.  
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Figure 5.6. FlexPAVETM simulation results for RS9.5B: (a) %Damage vs. time at different 

volumetric conditions, (b) % average permanent strain vs. time, (c) %Damage contours predicted 

by PVR, and (d) % average permanent strain contours. 

 

Figure 5.7 and Figure 5.8 present the FlexPAVETM performance simulation results and 

PVR calibration results for the SM12.5 and RI19C mixtures, respectively. Similar trends can be 

found for these two mixtures as for the RS9.5B mixture in terms of performance predictions and 

PVR fitting. However, for the RI19C mixture, the predicted performance is not as sensitive to 

volumetric property changes as for the two other mixtures.  
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Figure 5.7. FlexPAVETM simulation results for SM12.5: (a) %Damage vs. time at different 

volumetric conditions, (b) % average permanent strain vs. time, (c) %Damage contours predicted 

by PVR, and (d) % average permanent strain contours. 
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Figure 5.8. FlexPAVETM simulation results for RI19C: (a) %Damage vs. time at different 

volumetric conditions, (b) % average permanent strain vs. time, (c) %Damage contours predicted 

by PVR, and (d) % average permanent strain contours. 

5.6.4. Determine the Pavement Life at Different Volumetric Conditions 

The PVR functions that are calibrated in the last step predict the mixtureôs performance at 

the end of the design life for a given mixture volumetric condition. In order to allow the user to 

predict the damage evolution throughout the design life, another function, PVR with time, PVR-

t, is developed. PVR-t uses the performance at the end of the design life to predict pavement 

distresses at any time before the end of service time. When the failure criteria for pavement 

fatigue damage and rutting are given, the pavement life can be calculated based on the damage 

evolution predicted from the PVR-t function for the mixture at a given volumetric condition. 

PVR-t is expressed as Equation (5.4).  
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where  

Pf(t)  = predicted %Damage or % average permanent strain as a function of 

time, 

P20 = predicted %Damage or % average permanent strain at the end of design 

life obtained from PVR.  

t  = time in months, and 

p0, m, n   = fitting coefficient. 

 

The PVR-t function should be calibrated using the known performance evolution curves 

obtained from the corner volumetric conditions first. Figure 5.6 (a) and (b) present the calibrated 

PVR-t curves using dashed lines. After the model coefficients (p0, m, and n) are obtained, using 

the predicted %Damage or % APS at the design life (P20) predicted from the PVR, the 

performance evolution curve for different volumetric conditions can be predicted from the PVR-t 

function. The fitting coefficients are presented in Table 5.5. Figure 5.7 and Figure 5.8 present the 

calibrated PVR-t functions for the SM12.5 and RI19C mixtures. 

The transfer functions for FlexPAVETM are applied to the predicted %Damage and % 

average permanent strain results to obtain the final predicted performance (Wang et al. 2020b). 

The fatigue transfer function converts the predicted %Damage to the %Cracking on the 

pavement surface, and the rutting transfer function applies the calibration factor to the predicted 

values. These functions are presented in Equations (5.5) and (5.7).  
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where Cf1, Cf2, and Cf3 are calibration factors and the values are 0.342, 13.97, and 16.38, 

respectively, or, by simplifying Equations (5.5) 

 

r ACRD C RD= Ö
 

(5.7) 

where 

RD = % permanent strain after calibration, 

RDAC  = predicted % permanent strain in the asphalt layers, and  

Cr = 0.929.  

 

After the transfer functions are applied, the pavement life then can be determined by the 

calibrated performance evolution curve with given threshold values. In this study, 25% cracking 

and 2.5% permanent strain were considered the failure thresholds. Figure 5.9 (a) presents the 

pavement life of the RS9.5B mixture determined by fatigue failure only; Figure 5.9 (b) presents 

the pavement life determined by rutting failure only, and Figure 5.9 (c) shows the pavement life 

calculated based on the minimum pavement life due to fatigue failure and rutting failure. As 

shown, the RS9.5B mixture life is dominated by fatigue failure. This observation is consistent 

with engineersô experience with North Carolina mixes. Figure 5.10 and Figure 5.11 present the 

predicted pavement life for the SM12.5 and RI19C mixtures, respectively. As shown, these two 

mixtures are dominated by fatigue performance as well. All three mixtures were compared with 

mixtures in the performance-related specifications material database at NCSU where over 100 

mixtures are documented; the three study mixtures show high rutting resistance. 

 



   

128 

 

 
Figure 5.9. The predicted pavement life-based at different volumetric conditions of the RS9.5B 

mixture: (a) pavement life based on fatigue %Cracking; (b) pavement life based on % permanent 

strain; (c) pavement life with combined %Cracking and % permanent strain. Note: the unit for 

life is year. 

(c)

(a) (b)
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Figure 5.10. The predicted pavement life-based at different volumetric conditions of the SM12.5 

mixture: (a) pavement life based on fatigue %Cracking; (b) pavement life based on % permanent 

strain; (c) pavement life with combined %Cracking and % permanent strain. Note: the unit for 

life is year. 

(c)

(a) (b)
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Figure 5.11. The predicted pavement life-based at different volumetric conditions of the RI19C 

mixture: (a) pavement life based on fatigue %Cracking; (b) pavement life based on % permanent 

strain; (c) pavement life with combined %Cracking and % permanent strain. Note: the unit for 

life is year. 

5.6.5. Determine the Candidate Design  

After obtaining the mixture life contours, the performance-optimum design can be 

determined for the desired pavement life. In this step, the amount of each component material 

needed to formulate the performance-optimum design is determined.  

In Figure 5.9, each point in the volumetric space corresponds to a condition in the design 

binder content-air void content (AC-AV) space, as shown in Figure 5.3 (b), where the RS9.5B 

mixture is used as an example. The pavement life contour can then be plotted in the design AC-

(c)

(a) (b)
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AV space, as shown in Figure 5.12 (a). Although pavement engineers at different agencies may 

have different understandings of the design air void content, this study used 4.0% air void as the 

target design air void content at Ndes. The final design is determined along the line at the design 

air void content. The performance-optimum conditions are determined based on the desired 

pavement life. In the example of the RS9.5B mixture, the performance-optimum design, i.e., 

where the maximum pavement life is located, is marked with a red circle in Figure 5.12 (a). Note 

that in Figure 5.12 (a), each point corresponds to one point in Figure 5.3 (b), which means that 

moving along the x-axis, not only the binder contents changes, but also the gradation varies 

correspondingly. The corresponding gradation, which is CUW 54 (based on the Bailey method 

designation), is presented in Figure 5.12 (b), and Table 5.6 presents the design results. Figure 

5.12 (c) and (d) present the life contours for the SM 12.5 and RI19C mixtures, respectively. The 

circle symbols in Figure 5.12 (c) and (d) indicate the performance-optimum conditions based on 

the PEMD method. Note that different failure criteria would result in different pavement lives, 

and the performance-optimum design would be located at different positions in the design space. 

For example, if 2% APS is applied as the rutting failure criterion instead of 2.5%, then the 

performance-optimum position will move toward the left in the design space in Figure 5.12 (a), 

(c), and (d).  
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Figure 5.12 Pavement life in the design AC-AV space and design results: (a) RS9.5B mixture, 

(b) PEMD final gradation of RS9.5B mixture, (c) pavement life in design AC-AV space and 

PEMD conditions for SM 12.5 mixture, and (d) pavement life in design AC-AV space and 

PEMD conditions for RI19C mixture. 

Table 5.6. The Performance-Optimum Design Results of Three Study Mixtures 

Mixture Gradation 
Binder Content (%) 

Stockpile Contribution (%) 
Raw Binder RAP Binder 

RS9.5B CUW 50 5.1 1.4 
#78 DS WS RAP 

 33 7 30 30 

SM12.5 CUW 110 3.6 0.9 
78ôs-Chantilly 78ôs-Loudon MS RAP 

18 37 23 22 

RI19C CUW 60 3.9 1 
#67 78M Screening MS RAP 

17 26 14 23 20 

 

The analysis results show that the pavement life for each of the three study mixtures is 

dominated by fatigue damage. As a result, the fine gradations and high binder contents have been 
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selected by the PEMD algorithm. The Superpave volumetric-optimum condition of the RS9.5B 

mixture is marked with an óXô in Figure 5.12 (a). In this case, the PEMD suggests a finer 

gradation and higher binder content compared to the mixtures designed by the Superpave 

volumetric design to obtain the performance-optimum condition. The performance-optimum and 

the Superpave volumetric-optimum conditions of the SM12.5 mixture share the same gradation 

and binder content because both design methods suggest the finest gradation and highest binder 

content in the design volumetric space as the optimum design.  

5.6.6. Check the Volumetric Properties and Moisture Susceptibility 

The design candidate mixture is selected based primarily on its fatigue and rutting 

behavior. However, other properties also should be evaluated before the final job mix formula is 

determined. Moisture susceptibility is one such important property for asphalt mixtures. 

Designers can check the mixtureôs behavior under moisture damage using different methods, 

such as the tensile strength ratio test (AASHTO T 283), boiling test (ASTM D 3625), etc. In 

addition, even though the mixture is designed based on performance, the mixture still should 

meet some volumetric requirements. For example, the binder-to-dust ratio is believed to be 

related to mixture permeability (Wang 2019). Such parameters should be evaluated to ensure the 

mixtureôs durability. In the proposed PEMD method, moisture susceptibility and the volumetric 

parameters can be tested after the design candidate is determined. If the criteria are not satisfied, 

the user can revise the candidate design. Because the performance of the entire volumetric space 

is predicted and known, users should be able to determine another design condition based on 

performance without conducting additional tests.  

Table 5.7 presents a comparison of the PEMD performance-optimum (PPO) designed 

mixtures and the Superpave volumetric-optimum (SVO) designed mixtures. The PEMD mixtures 
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generally yield a longer pavement service life while also satisfying the volumetric criteria in the 

Superpave design specifications.  

Table 5.7. Comparison between PPO and SVO Mixture Designs  

Mixture 

ID 

Mix 

Design 

% 

CUW 
%Pb VMA  VFA 

Dust 

to 

Binder 

Fatigue 

Life 

(years) 

Rutting 

Life 

(years) 

Combined 

Life 

(years) 

Life 

Difference 

(years) 

RS9.5B 

PPO* 50 6.5 17.8 77.6 0.9 15.4 14.7 14.7 
7.8 

SVO* 60 5.8 16.3 71.3 0.97 6.9 20 6.9 

Superpave 

Criterion 
NA*  NA >15 65-78 0.6-1.2 NA NA NA NA 

SM12.5 

PPO 110 4.5 14.5 73.8 0.8 7 19 7 
0 

SVO 110 4.5 14.5 73.8 0.75 7 19 7 

Superpave 

Criterion 
NA NA >14 65-78 0.6-1.2 NA NA NA NA 

RI19C 

PPO 61 4.9 15 73.7 0.8 17.7 20 17.7 
7.7 

SVO 75 4.4 13.6 70.6 0.77 10 20 10 

Superpave 

Criterion 
NA NA >13 65-75 0.6-12. NA NA NA NA 

* PPO = PEMD Performance-Optimum; SVO = Superpave Volumetric-Optimum; NA = Not 

Applicable 
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The proposed PEMD design steps are summarized in a flowchart in Figure 5.13.  

 
Figure 5.13. Flow chart of the framework of predictive PEMD. 

5.7. Conclusions and Future Work 

The framework of the proposed PEMD is presented in this chapter. Three mixtures are 

used as examples to demonstrate the design procedure. Conclusions, limitations, and some future 

recommendations are as follows: 

¶ The proposed PEMD method aims to predict the performance across the entire 

volumetric space and determine the performance-optimum mixture by optimizing 

Determine 

volumetric 

requirements and 

conduct moisture 

tests.

Design intial gradations and estimate 

volumetric properties.

Determine the performance-optimum mix 

design using performance thresholds.

Select materials.

Determine four volumetric conditions. 

Determine the job mix formula.

RunAMPT tests at four selected 

conditions.

Calibrate the mixture-specific PVR

function using FlexMIXTM.

No

Yes

Run FlexMATTM.

Run FlexPAVETM.



   

136 

 

the aggregate gradation and binder content for the given set of component 

materials and the given aggregate gradation type (i.e., fine versus coarse).  

¶ In the design method, the performance of all reasonable component material 

combinations is predicted using the AMPT performance tests, mechanistic 

material and pavement models, and the performance-volumetric relationship. The 

performance-optimum design is selected by comparing the pavement lives based 

on fatigue cracking and rutting. 

¶ In general, the PEMD performance-optimum designs are predicted to have a 

longer service life than the Superpave volumetric-optimum designs.  

This chapter presents the proposed framework of a new mixture design method. Details of the 

proposed design procedure might need to be adjusted as more mixtures are tested, and more 

experience is gained. Users are free to adjust the design limits in the design procedure based on 

their experience and conventions, for example, the design air void, the performance criteria, and 

so forth. In future work, more mix design variables need to be considered in addition to the 

proposed PEMD framework, including the RAP content and moisture and aging susceptibilities. 
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CHAPTER 6. DEVELOPMENT OF  FRAMEWORK OF THE IN DEX-BASED 

PERFORMANCE-ENGINEERED MIX DESIGN PROCED URE FOR ASPHALT 

MIXTURES  

6.1. Introduction  

 State highway agencies (SHAs) and the pavement industry are continually implementing 

new technologies, test methods, and specifications to improve mix design. Much of the 

implementation effort has focused on quantifying test variability and determining criteria. As a 

result, several SHAs have begun to implement cracking tests and rutting tests using a balanced 

mix design (BMD) approach. West et al. (2018) suggested three potential approaches for 

implementing a BMD procedure (see Figure 5.1). Approach 1 and Approach 2 each start with 

volumetric design and use performance-related tests to ensure adequate performance in terms of 

resistance to the most common critical distresses, i.e., rutting and cracking (West et al. 2018). 

Therefore, in a BMD framework, rutting and fatigue indices are the main decision-making 

components and the corresponding index parameters serve as the basis for mix design 

optimization. 

West et al. (2018) introduced a so-called óperformance space diagramô (PSD) into such a 

BMD framework. The PSD example shown in Figure 6.1 is the product of cross-plotting the 

fatigue and rutting index parameters. In this example, disc-shaped compact tension (DCT) and 

Hamburg wheel-tracking (HWT) tests are used to evaluate the fatigue and rutting properties of 

the asphalt mixture, respectively. This diagram is based on DCT fracture energy (the cracking 

index) and HWT rut depth (the rutting index) and shows that the four different regions are tied to 

pre-established thresholds. Based on the index parameters, the mixture will fall into one of these 
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four defined regions. A further adjustment is then considered to move the mixture to the zone of 

interest (West et al. 2018, Buttlar et al. 2020).  

 

Figure 6.1. Example of a performance space diagram (West et al. 2018). 

Different test methods can be applied to the BMD framework. For cracking, the DCT 

test, Texas overlay test, Illinois Flexibility Index Test (I-FIT), semi-circular bending test, and 

direct tension cyclic fatigue test are amongst the most common test methods. For rutting, the 

Asphalt Pavement Analyzer test, flow number test, HWT test, triaxial stress sweep, and stress 

sweep rutting (SSR) test are the most common performance tests (West et al. 2018). This chapter 

presents a framework for index-based performance-engineered mix design (PEMD) using the 

cyclic fatigue test (AASHTO TP 133) and SSR test (AASHTO TP 134). The developed index 

parameters, i.e., the rutting strain index (RSI) and Sapp for the SSR test and cyclic fatigue test, 

respectively, form the basis of the proposed methodology. 

6.2. Index Parameters 

The use of index parameters has gained significant attention from SHAs because index 

values indicate the mixtureôs performance and can be used for quick decision-making in the 

design process. During the development of the Asphalt Mixture Performance-Related 
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Specifications (AM-PRS) at North Carolina State University (NCSU), the NCSU researchers 

developed the two mechanistic index parameters, Sapp and the RSI, to indicate the fatigue 

cracking and rutting behavior of asphalt mixtures, respectively. The Excel-based program 

FlexMATTM is used to analyze Asphalt Mixture Performance Tester (AMPT) test results simply 

by uploading the AMPT test results and also calculates both the Sapp and RSI index parameters, 

which are the basis of the proposed index-based PEMD. Threshold limits for both Sapp and the 

RSI have been defined for different traffic levels and, for the mix design process, it is assumed 

that the design traffic is known. Therefore, the threshold values can be used as a decision-making 

tool to find the optimal mix design. 

 

6.2.1. Cyclic Fatigue Index (Sapp) 

Sapp is based on the simplified viscoelastic continuum damage (S-VECD) model and is 

determined by the dynamic modulus and cyclic fatigue test results. Sapp accounts for the effects 

of a materialôs 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. Equation (6.1) shows the Sapp formulation (Wang et al. 2020a). 
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(6.1) 

where 

C11, C12 = damage characteristic model coefficients, 

DR = fatigue failure criterion, 

|E*|  = dynamic modulus value at 10 Hz and the reference temperature, kPa 
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aT = dynamic modulus shift factor at the reference temperature, and 

Ŭ = material constant calculated from the maximum slope of the relaxation 

modulus in log-log scale 

6.2.2. Ruttin g Strain Index (RSI) 

 Chapter 3 presents the RSI development. In brief, the RSI value of an asphalt mixture is 

the average permanent strain (in percent). This index value is obtained via SSR tests 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 standard axle load 

(ESAL) repetitions are applied to a standard pavement structure. Note that the analysis period 

and load repetitions for the mixture in question represent the yardstick against which results are 

judged. They provide a consistent set of external conditions so the resulting strains for different 

mixtures can be compared. The RSI parameter captures the effects of temperature, stress level, 

and loading time on the permanent deformation of asphalt concrete using realistic loading and 

climatic conditions. Lower RSI values indicate better rutting resistance of the mixture. 

6.2.3. Index Thresholds 

Table 6.1 shows the threshold values for the RSI and Sapp parameters at different traffic 

levels. This table can be used to estimate the allowable traffic level for any mixture in terms of 

ESALs. The thresholds were determined based on comparisons of the RSI and Sapp values versus 

information gathered from SHAs and accelerated pavement testing facilities. This information 

includes pavement performance observed at test tracks, test roads, and in-service pavements, 

allowable traffic levels used in SHAôs mixture designs, general performance feedback from 

SHAs, and numerical pavement performance simulations (Ghanbari et al. 2020, Wang et al. 

2020a). 
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Table 6.1. Recommended Threshold Values of RSI and Sapp at Different Traffic Levels 

Traffic (million ESALs) RSI Limits Sapp Limits  Tier Designation 

Less than 10 RSI<12 Sapp >8  Standard S 

Between 10 and 30 RSI <4 Sapp > 24  Heavy H 

Greater than 30 RSI < 2 Sapp > 30  Very Heavy V 

Greater than 30 and slow traffic RSI < 1 Sapp > 36  Extremely Heavy E 

 

6.3. Index Volumetric Relationship (IVR) 

The basic concept of the proposed index-based PEMD is similar to that of the predictive 

PEMD. The main difference is that this proposed method uses the index-volumetric relationship 

(IVR) and all the testing and analyses are performed at a fixed design air void (Va) content (e.g., 

4%). The procedure to develop the performance-volumetric relationship (PVR) is presented in 

Chapter 4. The concept of the IVR is the same as the PVR function, but the IVR uses the index 

parameters (i.e., RSI and Sapp) instead of FlexPAVETM performance predictions. Therefore, the 

IVR correlates the mixtureôs performance indices to the volumetric conditions. The advantage of 

the IVR is that it does not involve pavement performance predictions by FlexPAVETM in PEMD; 

material-level testing and analysis are sufficient. 

The PVR function can be applied to predict rut depth at different volumetric conditions. 

As explained in Chapter 3, the RSI is the average permanent strain at the end of 20 years under 

specific structural and loading conditions. Thus, because the IVR for the RSI is similar to the 

PVR for rut depth under specific loading conditions, the IVR-RSI function can be used to predict 

the RSI. However, for the IVR-Sapp function, the scenario is not the same as for the IVR-RSI 

function. Although Sapp is a mechanics-based index parameter, it is not obtained through 

structural performance analysis. A study is underway at NCSU to investigate the relationship 

between Sapp and FlexPAVETM predictions. 
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For purposes of index-based PEMD, the IVR function is considered as the volumetric 

relationship for different gradations at the fixed design air void content (i.e., 4.0%) at the Ndes. 

For the PVR function, three coefficients are considered as the fitting coefficients to calibrate the 

PVR. However, at the fixed design air void content, due to the inter-correlation of the voids in 

mineral aggregate (VMA), voids filled with asphalt (VFA), and fixed design air void content 

(Va), the PVR function can be calibrated using only two fitting coefficients. The same concept 

can be applied to the IVR function so that it too can be calibrated using two points. 

The IVR function calibration has been validated using a case study. The case study is a 

North Carolina 9.5-mm Superpave fine-graded surface mixture (RS9.5B) with 30% reclaimed 

asphalt pavement (RAP), PG 58-22 binder, and 4.0% design air void content. For this case study, 

three different gradations were designed for the RS9.5B mixture; Table 6.2 presents the 

volumetric data for these three gradations. Gradation 1 and Gradation 2 were designed to cover a 

wide range of VMA and asphalt contents. Therefore, these two mixtures can be used to calibrate 

the IVR. 

Table 6.2. Volumetric Properties for Three Different Gradations in RS9.5B 

Mixture ID Pb (%) Va (%) VMA  %CALUW 

Gradation 1 5.6 4.0 17.3 50 

Gradation 2 6.5 4.0 15.5 70 

Gradation 3 6.1 4.0 16.3 60 

Note: Pb is volumetric optimum binder content; Va is design air void content; VMA is voids in 

mineral aggregate; and %CALUW is the percentage of the coarse aggregate loose unit weight. 

 

Figure 6.2 shows the RSI and Sapp values for the conditions given in Table 6.2. Note that 

in Figure 6.2 two variables change with each data point: asphalt content (Pb) and gradation or the 

percentage of the coarse aggregate loose unit weight (%CALUW). The index values increase as 
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the asphalt content increases and the %CALUW decreases. The data from Gradations 1 and 2 

(so-called ótwo cornersô) are fitted using the linear relationship in Figure 6.2. The linear 

relationship was verified by identifying an intermediate gradation (Gradation 3), finding the 

asphalt content for that gradation to achieve 4.0% air void content, conducting AMPT tests, and 

plotting the results. The intermediate condition that was selected is the current NCDOT mixture 

design for this RS9.5B mixture (termed the óSuperpave volumetric optimumô), and the results are 

denoted as óverificationô in Figure 6.2. These verification points are located close to the linear 

function. In this example, the measured RSI and Sapp values for Gradation 3 are 3.72 and 21.5, 

respectively. The RSI and Sapp values predicted from the line for the Gradation 1 and Gradation 3 

data are 3.68 and 22.7, respectively. As a result, the errors in the prediction of the RSI and Sapp 

values for Gradation 3 are 1.1% and 5.1%, respectively. Therefore, the IVR function for this case 

study can be used to find the index parameter at 4.0% design air void for different gradations and 

asphalt contents. 
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Figure 6.2. Index parameters at the fixed design air void (4.0%) for different gradations, (a) RSI, 

and (b) Sapp 

Equation (6.2) shows the general form of the IVR-RSI and IVR-Sapp functions at a fixed 

design air void content. As noted earlier, the IVR-RSI and IVR-Sapp functions for the fixed air 

void content of 4.0% can be calibrated using two points.  

0 1

0 1
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Sapp P

a a

b b

= + ³

= + ³
 

(IVR-RSI) 

(6.2) 

(IVR-Sapp) 

where 

Ŭ0, and Ŭ1 = IVR-RSI fitting coefficients at fixed design air void (4%), and 

ɓ0, and ɓ1 = IVR- Sapp fitting coefficients at fixed design air void (4%). 

 

Table 6.3 shows the IVR coefficients in Equation (6.2) for the RS9.5B mixture. As noted 

earlier, these results were obtained from the data for Gradation 1 and Gradation 2. 

(a) (b) 
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Table 6.3. IVR Mixture-specific Coefficients  

IVR-RSI 
Ŭ1 Ŭ2 

2.04 -8.79 

IVR-Sapp 
ɓ1 ɓ 2 

11.83 -49.48 

 

6.4. Proposed Framework for Index-based PEMD 

 This section presents an example of the proposed index-based PEMD procedure. As 

mentioned, two variations of the original gradation used in the RS9.5B mix design were 

prepared, i.e., Gradation 1 and Gradation 2. Similar to the predictive PEMD procedure, these two 

gradations were produced to achieve the largest VMA difference possible without changing the 

mix classification from a fine-graded mix to a coarse-graded mix. Once those gradations were 

established, the volumetric optimum binder content (Pb) was determined at 4.0% design air void 

content (Va) for each of the two gradations. These two compositions are taken as two ócornersô of 

the IVR function. Then, AMPT performance tests were performed using specimens fabricated 

under these two conditions. In the next step, lines are drawn between the index values at two 

corners for each of the RSI and Sapp. Finally, pre-established threshold values for Sapp and the 

RSI are used to identify the range of allowable mixture designs (gradation and asphalt content 

for those gradations that yield 4.0% design air void content).  

In this example, the RS9.5B mixture is intended for roadways with traffic levels between 

10 and 30 million ESALS, so the threshold values are set at 24 for Sapp and 4 for the RSI (see 

Table 6.1). Based on the IVR- Sapp function, the Sapp threshold will lead to the minimum asphalt 

content of 6.21 percent. Based on the IVR-RSI function, the RSI threshold will lead to the 

maximum asphalt content of 6.27 percent. Therefore, the potential optimum asphalt content is in 

the range of 6.21% to 6.27 percent. Because the design air void content is fixed, the VMA can be 
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calculated for this range of asphalt content. As a result, the optimum %CALUW is in the range 

of 56 to 58 percent. Figure 6.3 shows the results for the index-based PEMD of the RS9.5B 

mixture. 

 
Figure 6.3. Index-based PEMD results for NC RS9.5B mixture: Sapp and RSI as functions of 

asphalt content and gradation 

In summary, the index-based PEMD optimum mix design lies between the mixture 

design with an asphalt content of 6.21% and an aggregate gradation with %CALUW of 58% and 

the mixture design with an asphalt content of 6.27% and an aggregate gradation with %CALUW 

of 56 percent. In this example, the optimum asphalt content range happened to be very narrow. If 

the range of the optimum asphalt content is wider, SHAs can select the optimum asphalt content 

based on different factors such as engineering judgment and cost analysis.  

6.5. Summary and Future work 

This Chapter 6 provides an example of the index-based PEMD approach, which requires 

less testing than the predictive PEMD procedure. Figure 6.4 presents a comparative summary of 

the proposed frameworks for index-based and predictive PEMD. 
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Index-Based PEMD  Predictive PEMD 

  
 

Figure 6.4. The proposed framework for the index-based and predictive performance engineered 

mix design (PEMD) 

Chapter 5 and Chapter 6 present two different proposed PEMD approaches in which the 

RS9.5B mixture is used as an example to illustrate the two procedures. In this study, the 

optimum mix design obtained from each of these two approaches was compared to the optimum 

mixture design obtained from the traditional Superpave mix design procedure. Table 6.4 presents 

a comparison of the PEMD results and the Superpave volumetric mix design results for the 
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RS9.5B mixture. Because the PVR function has been developed for this mixture, the 

performance life at any given volumetric condition can be determined. Several important 

observations can be made from Table 6.4. First, the predictive PEMD performance optimum 

(PPO) yields the longest life among all the designs, followed by the index-based PEMD 

performance optimum (IPO) and the Superpave volumetric mix design optimum (SVO). Second, 

both index-based and predictive PEMD can balance fatigue and rutting much better than the 

Superpave volumetric mix design. Note too that the volumetric properties of the PPO and IPO 

mixtures meet all the Superpave volumetric requirements. 

Table 6.4. Results from Superpave, Index-based and Predictive PEMD 

     Life (years) 

 %Pb VMA  VFA Dust to Binder Fatigue Rutting Combined Differencea 

PPO 6.3 17.8 77.6 0.90 15.4 14.7 14.7 8.7 

IPO 6.2 17.2 76.8 1.10 12.6 19.0 12.6 6.6 

SVO 5.8 16.3 71.3 0.97 6.0 20.0 6.0 - 

a Improvement of life from the Superpave volumetric mix design  

 

Limited data were used in the development of the index-based PEMD. As a result, some 

assumptions had to be made. The linearity of the IVR-Sapp function was assumed and verified by 

the case study mixture (RS9.5B); however, the validation of this assumption needs to be studied 

by testing more mixtures. Therefore, in future, more asphalt mixtures need to be included to 

verify the proposed framework. The NCSU research team is testing more mixtures from different 

climatic locations to set the final framework for the index-based PEMD. 
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CHAPTER 7. RELIABILITY ANALYSIS  OF DAMAGE PREDICTIO N IN ASPHALT 

PAVEMENT SECTIONS USING FLEXPAVE TM  PROGRAM AND S-VECD FATIGUE 

MODEL  

During the development of the performance-related specification (PRS) at North Carolina State 

University (NCSU), the S-VECD model and the permanent deformation shift model have been 

accepted as efficient mechanistic models to predict the fatigue and rutting behavior of the asphalt 

pavements. These models have been implemented in FlexPAVETM program to perform the 

pavement performance simulation. So far, these models have been calibrated and implemented in 

a particular procedure. However, there are different sources of uncertainties in real practice that 

are not captured in the FlexPAVETM simulation, including model calibration errors, specimen 

fabrication errors, measurement errors, and sample to sample variability. In the following two 

chapters, the mentioned uncertainties are consolidated systematically into a reliability analysis 

that considers the combined effects of the mentioned uncertainties on the pavement performance 

prediction. In this study, the Bayesian inference-based Markov Chain Monte Carlo (MCMC) was 

used to simulate the uncertainties in the material modelôs input parameters. The next two 

chapters present the framework for the uncertainty quantification of the damage and rut depth 

prediction in the asphalt pavements. The ultimate goal of the reliability analysis is to predict the 

%Cracking and rut depth at different reliability levels. In this chapter, five different mixtures 

with different test variations were used to develop the predictive models to quantify the 

uncertainty in %Cracking. The results show the predictive models can predict the %Cracking 

variations at any desired level of reliability.   
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7.1. Introduction  

Pavement performance prediction is a complex process that relies heavily on 

experimental methods. The testing methods and material models involve many uncertainties, 

approximations, and variabilities. Many research studies have been trying to quantify the 

uncertainty in the material models and capture its effect on pavement performance. The material 

models are commonly based on the test results, which have some uncertainties such as 

homogeneity, specimen fabrication, and measurement errors. For example, Caro et al. (2014) 

showed that the assumption of asphalt mixture homogeneity could be considered as one of the 

primary sources of uncertainty in pavement performance prediction (Caro et al. 2014). 

Though heterogeneity is critical, it is impossible to ignore that the asphalt mixture is a 

composite material, and thus it is impossible to fabricate multiple specimens that are exactly the 

same. So, it is important to address the sample-to-sample variation in the test procedures. In 

order to control the errors mentioned above, the AASHTO standard specifications define a range 

of sample-to-sample variability to minimize the errors as much as possible. However, even this 

small error can affect pavement performance prediction (Caro et al. 2014, Mohammad et al. 

2013). 

During the development of the performance-related specifications at NCSU (Kim et al. 

2020), the simplified viscoelastic continuum damage (S-VECD) fatigue model and the 

permanent deformation shift model have been developed to predict asphalt pavement 

performance over its design life. These models have been implemented for use in structural level 

analysis (pavement performance prediction) using FlexPAVETM program. The software predicts 

the asphalt pavements performance under moving loads and changing climatic conditions using 

three-dimensional layered viscoelastic analysis. These mechanical models have been widely 
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accepted as a rigorous model to predict asphalt pavement performance (Kim et al. 2020). 

However, the FlexPAVETM results show the prediction with 50% reliability, and this program 

cannot predict the performance with other reliability levels. The reliability analysis in the 

pavement performance predictions consists of two critical components:  

¶ uncertainty quantification in the material models 

¶ uncertainty quantification in the structural simulations 

To quantify these uncertainties requires a systematic study using different mixtures and 

structures. For each mixture, the range of variation should be calculated, and the effect of these 

variations in the structural level should be studied. The main goal of this chapter is to investigate 

the impact of the uncertainty in the S-VECD fatigue model on the %Cracking that occurs in the 

asphalt pavements predicted by FlexPAVETM. The ultimate goal is to predict %Cracking with 

different reliability levels, given the input material modelsô uncertainties. 

7.2. Uncertainty Quantification in the Material Model  

The uncertainty in asphalt material models recently has gained a lot of attention in the 

pavement industry. Many research studies have investigated the effect of uncertain material 

properties on the asphalt mixtureôs performance. Kassem et al. (2020) used Monte Carlo 

simulation to quantify the uncertainty in the dynamic modulus (|E*|) mastercurve. They showed 

that the uncertainty in the dynamic modulus mastercurve is dependent on the mixture type. They 

also showed that using a larger Nominal Maximum Aggregate Size (NMAS) and binder 

modification can increase the uncertainty in the dynamic modulus mastercurve prediction 

(Kassem et al. 2020). 

Different studies have been done to quantify the uncertainty in the S-VECD fatigue 

model (Gudipudi and Underwood 2016, Kassem et al. 2019, Ding et al. 2020). Kassem et al. 
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developed a probabilistic VECD (P-VECD) model. This model is capable of predicting the 

average viscoelastic response for a given loading condition and capturing the distribution of 

these viscoelastic responses. They used Monte Carlo simulation to develop the P-VECD. Their 

proposed model calculates the coefficient of variation (COV) of predicted viscoelastic strain 

(Kassem et al. 2019). 

In another study, Ding et al. quantified the S-VECD fatigue modelôs uncertainty using the 

data for 32 specimens fabricated and tested by different operators. They performed parameter 

estimation and calculated the predictive envelope using the Bayesian inference-based Markov 

Chain Monte Carlo (MCMC) method, assuming that the propagation of the damage 

characteristic curve due to the dynamic modulus uncertainty is negligible (Ding et al. 2020). 

Therefore, the dynamic modulus uncertainty and the damage characteristic model can be 

considered independently. This study used the same approach to quantify the uncertainty in the 

S-VECD fatigue model (dynamic modulus, damage characteristics, and failure criterion models). 

More information on the methodology can be found in (Ding et al. 2020). 

7.3. Uncertainty Quantification in the Structural Level  

The reliability analysis in the structural level goes back far to 1985 when the American 

Association of State Highway Officials (AASHTO) design models were developed. (AASHTO 

1985, Alsherri and George 1988). Later, in an effort to develop a nationwide Mechanistic- 

Empirical (M-E) design practice, Timm et al. employed Monte Carlo simulation in a computer 

pavement design tool, ROADENT, to run the reliability analysis and examine the effect of input 

variations on pavement performance for the Minnesota Road Research Project (Timm et al. 

2000).  
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Pavement METM has been known as a robust tool to predict pavement performance. The 

reliability analysis on the Pavement METM performance prediction was done based on the overall 

variability of the measured distresses from the long-term pavement performance (LTPP) 

calibration database. In this software, the reliability level was incorporated using the standard 

deviation of the measured data, and was compared with the predicted data. Equation (7.1) shows 

the adjusted distress level based on the reliability level and standard deviation of the measured 

data. (ARA Inc.). As mentioned, the standard deviation in this formula is obtained from a 

database, so this formula cannot capture the effect of project-specific uncertainties (Thyagarajan 

et al. 2011).  

P measuredDistress Distress Z Std= + ³
 

(7.1) 

where 

Distress = predicted distress at the reliability level P, 

Distress = predicted distress for a given mean input value (50% reliability level), 

Zp = standard normal deviate corresponding to reliability level P, and 

Stdmeasured = standard deviation of the measured distress from LTPP sections 

 

Monte Carlo simulation has been known as a robust tool to cover the distribution of 

material uncertainties (Thyagarajan et al. 2011). This method could be used to capture the effect 

of material uncertainty on the Pavement METM performance prediction; however, the application 

of Monte Carlo using this program seems impractical due to high computing time and the large 

number of replications involved in the Monte Carlo simulations (Thyagarajan et al. 2011, Hall et 

al. 2012). Khazanovich et al. used a Latin hypercube method to combine DAKOTA and 

Pavement METM to reduce the number of Monte Carlo simulations. DAKOTA is a common 

toolkit to run uncertainty quantification on mechanical models in engineering. Although this 

study successfully reduced the number of simulations, the computation time was still impractical 
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(Khazanovich et al. 2008). Thyagarajan et al. proposed a methodology to replace the reliability 

procedure of Pavement METM. They employed the relevant part of the program in a stand-alone 

application. As a result, the computation time was reduced significantly. For the simulations, 

three different approaches of Monte Carlo, the Latin hypercube method, and Rosenbluethôs 2K+1 

point-estimate method were used (Thyagarajan et al. 2011).  

This research study develops a model to quantify the uncertainty in the structural level 

using the S-VECD fatigue model and FlexPAVETM program. As mentioned earlier, the Bayesian 

MCMC method was used to generate predictive envelopes, and FlexPAVETM to study the effect 

of material uncertainty on the structural simulation.  

7.4. Framework for the Research Study 

Figure 7.1 shows the framework adopted in this study to evaluate the effect of material 

characterization uncertainty on the %Cracking of the asphalt mixtures predicted by FlexPAVETM 

program. In the S-VECD model, the three primary sources of uncertainties come from dynamic 

modulus, damage characteristics, and failure criterion (DR) characterization (Ding et al. 2020). In 

the first step, for each of the three mentioned parameters, a range of results that define the 

predictive interval at different levels of statistical certainty, the so-called predictive envelope, 

was calculated. Each of these three modelsô predictive envelopes was generated using the 

Bayesian MCMC method. In the next step, the three envelopes were randomly combined. For 

example, suppose the predictive envelopes for each of the dynamic modulus, damage 

characteristics, and failure criterion contain 5,000 sets of model inputs. In that case, the three 

groups of 5,000 model inputs for dynamic modulus, damage characteristics, and failure criterion 

were randomly sampled without replacement and combined. As a result, a set of 5,000 

FlexPAVETM inputs were generated, and 5,000 FlexPAVETM simulations using a specific 
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structure and loading conditions were performed. At the end of the 5,000 simulations, the 

%Cracking predictive envelope for the particular structure and loading condition was generated. 

  
Figure 7.1. The framework for the uncertainty quantification of %Cracking 
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7.5. Running FlexPAVETM  on High-Performance Computer 

In this study, the Bayesian MCMC simulation was selected to populate the predictive 

envelopes. In order to generate the %Cracking predictive envelope, thousands of FlexPAVETM 

simulations should be run and analyzed. As mentioned earlier, the limitation of running 

performance prediction programs, such as Pavement METM and FlexPAVETM, is the computation 

time. Running one case of FlexPAVETM
 on a regular computer (quad-core CPU and 8 GB RAM) 

takes approximately 30 minutes to calculate the pavement responses and %Cracking. This time 

can vary due to the number of asphalt layers and design life. In order to reduce the execution 

time, the feasibility of running FlexPAVETM
 using cloud computing was studied. In the first step, 

the NCSU High-Performance Computing (HPC) cluster was used. In the next step, a message 

passing interface (MPI) wrapper was utilized. The MPI wrapper made it possible to run different 

FlexPAVETM simulations in parallel on multiple computing nodes of HPC, allowing1000 runs of 

FlexPAVETM simulation to be done in four hours. 

7.5.1. Finding the Minimum Sample Size  

In order to run FlexPAVETM simulations, the S-VECD model inputs were entered into the 

program as the predictive envelopes generated by MCMC. Although running FlexPAVETM on 

the NCSU HPC significantly decreases the runtime, fewer simulations could increase efficiency. 

This part of the research tried to identify the minimum number of MCMC simulations 

representing the predictive envelopesô distribution. Ding et al. suggested 5000 data points for the 

MCMC generation and considered these data points as the test population to generate the 

posterior distribution for the S-VECD model inputs (Ding et al. 2020). In this study, the 

prediction envelope with the confidence interval of 98% (so-called 98% predictive envelope) for 

dynamic modulus, damage characteristic, and failure criterion models for a mixture was 
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generated using 5000 data points (see Figure 7.2). In the next step, FlexPAVETM was run for 

those 5000 inputs. In order to run FlexPAVETM, the structure in Figure 7.3 was used. The 

simulation was done for Raleigh, NC climatic conditions, and the %Damage for 20 years of 

design life was calculated using 30 million ESALs. This structure was used in the previous 

chapters as a standard structure (Ghanbari et al. 2020). FlexPAVETM was run on the mentioned 

structure and the %Damage for the asphalt layer was calculated during the design life. Figure 7.4 

shows the %Damage prediction for all of the 5000 cases.  

 

 
Figure 7.2. 98% predictive envelope for (a) dynamic modulus, (b) damage characteristic curve, 

and (c) failure criterion (DR) 

 
Figure 7.3. Standard pavement structure used to determine the %Damage in the asphalt layer 

Subgrade, 
E=18 ksi

Aggregate Base, 
E= 30 ksi 

Asphalt Layer 4"

8"

(a) (b) (c) 
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Figure 7.4. %Damage prediction by FlexPAVETM 

In the next step, the %Damage at the end of 20 years was selected as a decision-making 

parameter. The 5000 observations of %Damage at the end of 20 years were considered as the 

population, and different random sampling with the size of 25, 50, 100, 200, 300, 400, 500, 750, 

1000, 2000, 3000, and 4000 was done. Then the average of %Damage at the end of 20 years was 

calculated for each sample size. The sampling was repeated 30 times on each of the mentioned 

sample sizes. Figure 7.5 shows the box plot distributions for the average of %Damage at the end 

of 20 years using the 30 samples for each sample size. In this figure, as the sample size increases, 

the distribution for the average of %Damage at 20 years gets narrower. 

 
Figure 7.5. Box plots for different sample sizes 
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As mentioned earlier, Ding et al. proposed the MCMC technique to generate the 

predictive envelope at the material level assuming a normal distribution of the model response in 

the predictive envelope (Ding et al. 2020). In order to check the normality of %Damage 

distribution, the Q-Q plots for %Damage at 20 years were plotted, see Figure 7.6. In this figure, 

the data points for each sample size fall in a straight line. In addition to Q-Q plots, the 

D'Agostino-Pearson test was performed to check the normality of different sample sizes 

(D'Agostino et al. 1990). Based on this test, all of the sample sizes showed in Figure 7.5 passed 

the normality test. As a result, this research assumed the normality for %Damage distribution. 

 

Figure 7.6. Q-Q plots for %Damage at the end of 20years for different sample sizes 

In order to find the minimum sample size, which represents 5000 data without losing 

significant accuracy, the two statistical test methods were suggested to compare the samples with 

the test populations.  

7.5.1.1. z-test 

As shown in Figure 7.5, there are some differences in the average of %Damage at 20 

years for each sample size. A z-test checks if there is a significant difference between the means 

of two samples. As mentioned earlier, 30 different random samplings were done for each sample 
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size. In this study, the z-test was used to determine if there is a significant difference between the 

average of %Damage at 20 years for different samples at each sample size. A z-test was done on 

all possible combinations for each sample size. All possible combinations consist of choosing 

every two samples from the 30 samples (435 combinations for each sample size). Table 7.1 

shows the z-test results for each sample size with a 0.02 significance level (98% confidence 

interval). Based on this table, the sample size of 200 is the minimum sample size that shows no 

ófailô test results. Therefore, based on the z-test, the sample size of 200 is the minimum sample 

size that shows no sensitivity in terms of change in the average of %Damage at 20 years.  

Table 7.1. Z-Test Results for Different Sample Size 

 Sample Size 

z-test results 25 50 100 200 300 400 500 750 1000 2000 3000 4000 

Pass 381 405 429 435 435 435 435 435 435 435 435 435 

Fail 54 30 6 0 0 0 0 0 0 0 0 0 

Total 435 435 435 435 435 435 435 435 435 435 435 435 

             

7.5.1.2. Kolmogorov-Smirnov Test 

When comparing two groups of samples, in addition to the mean value, the two samplesô 

distribution shape is important. The Kolmogorov-Smirnov (K-S) test is a nonparametric test that 

can be used to compare two samples and check whether these two samples are from the same 

distribution (Lilliefors 1967). The null hypothesis of this test is that the two samples are drawn 

from the same reference distribution. So, if the null hypothesis is rejected, the two samples are 

not representative of the same distribution. As mentioned earlier, for each sample size, 30 

different random samplings were done. The K-S test was then done on all possible combinations 

of the 30 samples (435 trials for each sample size). Table 7.2 shows the K-S test result for 

different sample sizes with a significance level of 0.02 (98% confidence). As shown in this table, 

the sample size of 1000 is the minimum sample size with no ófailsô.  
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In summary, based on the z-test and K-S test results, the sample size of 1000 was chosen 

as the representative sample size of this study. In other words, in order to find the performance 

predictive envelope, 1000 runs of FlexPAVETM is needed for each case. 

Table 7.2. Kolmogorov-Smirnov Test Results for Different Sample Size 

 Sample Size 

K-S test results 25 50 100 200 300 400 500 750 1000 2000 3000 4000 

Pass 325 339 345 357 383 406 433 434 435 435 435 435 

Fail 110 96 90 78 52 29 2 1 0 0 0 0 

Total 435 435 435 435 435 435 435 435 435 435 435 435 

             

7.6. Material and Data 

In order to develop the reliability models for FlexPAVETM, different materials were 

selected. For each material, different levels of predictive envelopes for dynamic modulus, 

damage characteristic curve, and failure criterion model were constructed. The general 

information on these mixtures is listed in Table 7.3. 

Table 7.3. Mixture Information  

Mix  
NMAS 

(mm) 

Binder 

Grade 

Binder 

Content 

(%) 

RAP 

Content 

(%) 

Source 

Number 

of 

Prediction 

Levels 

Prediction Levels 

Mixture A 9.5 PG 58-28 5.8 30 NC 4 50, 90, 98, and 99.99% 

Mixture B 9.5 PG76-22 5.4 20 NC 4 50, 90, 98, and 99.99% 

Mixture C 12.5*  PG 64-22 5.3 30 NC 2 50, and 98% 

Mixture D 12.5 PG 64E-28 5.3 20 ME 2 90, and 99.99% 

Mixture E 12.5 PG 64-28 4.7 33 MO 3 90, 98 and 99.99% 

*Note: This mixture is Stone Matrix Asphalt (SMA) mixture 

Figure 7.7 shows the predictive envelopes for dynamic modulus, C versus S, and the 

failure criterion (DR) for Mixture A. This figure shows four different levels of predictive 

envelopes. The same approach was taken, and the same figures (given in Appendix A) were 

generated for all of the mixtures listed in Table 7.3.  
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Figure 7.7. Dynamic modulus, C vs. S, and DR predictive envelope for Mixture A based on the 

different level of predictions: a) 50%, b) 90%, c) 98%, and d) 99.99%  

7.7. Effect of Structural Factors on %Damage Propagation 

In order to predict the %Damage predictive envelope, the structure, climatic condition, 

and the traffic level are the inputs to run FlexPAVETM simulation. In the previous sections, the 

(a) 
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(d)
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standard structure was defined (see Figure 7.3). In this section, the effect of different structural 

factors on the %Damage predicting envelope is studied. The structural factors considered as 

follows: 

¶ Climatic condition 

¶ Traffic level 

¶ Asphalt layer thickness 

¶ Aggregate base and subgrade moduli 

¶ Aggregate base thickness 

This research study used the dynamic modulus, C versus S, and DR 98% predictive envelopes for 

Mixture A to see the effect of different structural factors on the %Damage predictive envelope. 

For FlexPAVETM analysis, Figure 7.3 was used as the reference structure, and the other 

structural elements were changed individually. For example, the reference structure was 

analyzed in three different climatic conditions. The three different proposed cities are Phoenix, 

Raleigh, and Bangor, to see the effect of climatic conditions on the %Damage predictive 

envelope. The same approach was taken for the traffic levels, and three different levels of 3, 10, 

and 30 MESAL were considered. By studying typical mixtures used in North Carolina and other 

locations, different asphalt layer thicknesses, base thickness, and base and subgrade moduli 

values were selected and analyzed. Table 7.4 shows the details of the structural factors used in 

this study. 
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Table 7.4. Structure Information 

Structure 

No. 
Structural Factor Climate 

Traffic 

(MESAL) 

AC 

Thickness 

(in) 

Base 

Thickness 

(in) 

Base 

Modulus 

(ksi) 

Subgrade 

Modulus 

(ksi) 

#1 Reference Raleigh, NC 30 4 8 30 18 

#2 
Climate 

Phoenix, AZ 30 4 8 30 18 

#3 Bangor, ME 30 4 8 30 18 

#4 
Traffic 

Raleigh, NC 3 4 8 30 18 

#5 Raleigh, NC 10 4 8 30 18 

#6 

AC Thickness 

Raleigh, NC 30 3 8 30 18 

#7 Raleigh, NC 30 5 8 30 18 

#8 Raleigh, NC 30 6 8 30 18 

#9 
Base Thickness 

Raleigh, NC 30 4 16 30 18 

#10 Raleigh, NC 30 5 16 30 18 

#11 
Base Modulus 

Raleigh, NC 30 4 8 15 18 

#12 Raleigh, NC 30 4 8 45 18 

#13 
SG Modulus 

Raleigh, NC 30 4 8 30 5 

#14 Raleigh, NC 30 4 8 30 10 

*The bold numbers show the parameters that are different from the reference structure (structure #1) 

 

FlexPAVETM simulations were done using all 14 different structures listed in Table 7.4. 

In the next step, the %Damage predictive envelopes were generated for each of the structures. 

Figure 7.8 shows an example of a %Damage predictive envelope using Structures #1, #2, and #3. 

This figure shows the effect of climatic conditions on the %Damage distribution. The figures 

using other structures can be found in Appendix A (see Figure A. 6 to Figure A. 19).  

   
Figure 7.8. %Damage prediction by FlexPAVETM

 for (a) Structure #1, (b) Structure #2, and (c) 

Structure #3 (see Table 7.4) 

(a) (b) (c) 



   

165 

 

As noted in the previous chapters, FlexPAVETM program calculates the %Damage 

monthly; therefore, the %Damage for all 1000 cases is known at the end of each month. Given 

the monthly %Damage for all 1000 cases, the %Damage distribution can be obtained at the end 

of each month. Figure 7.9 shows the example of %Damage distribution at the end of 2, 5, 10, and 

20 years. In this figure, as the %Damage grows during the design life, the standard deviation 

increases.  

 

Figure 7.9. %Damage distribution for different periods during the design life 

In the next step of the study, the %Damage distribution for each month was obtained. To 

present the %Damage distribution, the average and standard deviation of %Damage at the end of 

each month for the 1000 FlexPAVETM runs was used. This study was repeated using different 

structures listed in Table 7.4. Figure 7.10 presents the effect of various structural factors on the 

%Damage distribution using the 98% predictive envelope for Mixture A. This figure clearly 

shows that the standard deviation of %Damage and the average of %Damage are strongly 

correlated and this relationship is not dependent on the structural factors. 
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Figure 7.10. Standard deviation versus the average of %Damage using different structural 

factors: (a) climatic conditions, (b) traffic levels, (c) asphalt layer thicknesses, (d) aggregate base 

moduli values, (e) aggregate base thicknesses, and (f) subgrade moduli values (see Table 7.4) 

Figure 7.11 shows the standard deviation of %Damage versus the average of %Damage 

using all 14,000 FlexPAVETM simulations from 14 different cases (see Table 7.4). It can be 

concluded that the standard deviation of %Damage distribution at any period of design life 

correlates strongly with the average of %Damage at the given period. In this figure, a power 

function was fitted to the data and the power relationship obtained.  
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Figure 7.11. Standard deviation versus the average of %Damage for Mixture A (all conditions) 

In order to confirm the power relationship of standard deviation and average of 

%Damage, the same study was repeated on the 98% predictive envelope for Mixture B. Figure 

7.12 shows the standard deviation of %Damage versus the average of %Damage for 98% 

predictive envelopes. Therefore, the relationship between the standard deviation and the average 

of %Damage distribution depends on the material variation. Equation (7.2) shows the general 

form of the mentioned relationship. 

 

Figure 7.12. Standard deviation versus the average of %Damage for Mixture A and Mixture B 
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( )
b

Std a %D=   (7.2) 

where  

Std = standard deviation of %Damage distribution, and 

a, b = fitting coefficients. 

 

For each mixture and each prediction level, a and b in Equation (7.2) were calculated 

using the Curve Fitting toolbox in MATLAB. This toolbox finds the best fit using regression 

analysis. Table 7.5 shows the fitting results for the mixtures in this study. After optimizing the 

coefficients (see Table 7.5), it was found that the coefficient b varied only slightly by mixture 

type. Thus, in a second iteration, the variable b was treated as a universal constant and the data 

was collectively re-optimized. This assumption simplifies the model without losing much 

accuracy. Therefore, a universal b value (b=0.544) was found for all the mixtures through the 

optimization.  

Table 7.5. Fitting Results Using Equation (7.2) for Different Mixtures  

  Fitting with varying b Fitting with universal b (b=0.544) 

Mixture Prediction Level a b R2 a b R2 

Mixture A 

50% 0.108 0.501 0.967 0.097 0.544 0.934 

90% 0.170 0.513 0.985 0.157 0.544 0.982 

98% 0.196 0.545 0.986 0.196 0.544 0.986 

99.99% 0.262 0.541 0.985 0.260 0.544 0.985 

Mixture B 

50% 0.072 0.591 0.970 0.078 0.544 0.968 

90% 0.100 0.593 0.980 0.111 0.544 0.977 

98% 0.117 0.596 0.982 0.129 0.544 0.979 

99.99% 0.133 0.602 0.981 0.150 0.544 0.977 

Mixture C 
50% 0.015 0.543 0.951 0.015 0.544 0.950 

98% 0.145 0.541 0.984 0.142 0.544 0.980 

Mixture D 
90% 0.232 0.510 0.998 0.207 0.544 0.953 

99.99% 0.257 0.593 0.999 0.293 0.544 0.962 

Mixture E 

90% 0.183 0.509 0.998 0.163 0.544 0.965 

98% 0.211 0.538 0.997 0.204 0.544 0.978 

99.99% 0.219 0.576 0.997 0.235 0.544 0.940 
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7.8. Material Index  

In the previous sections, it was concluded that the standard deviation of %Damage 

distribution is a function of the average of %Damage. This function is a mix dependent 

relationship, and it changes as the variation in the material level changes. In this section and in 

the first step, the specific material indices are defined to present the material level variations. In 

the next step, the relationship between the defined material indices and %Damage distribution 

was studied. In order to develop the material variability index, a systematic study was done to 

capture the effect of dynamic modulus, damage characteristics, and failure criterion variations on 

the %Damage distribution. The details on the development for each material index are described 

below.  

7.8.1. Dynamic Modulus 

For each asphalt mixture, the dynamic modulus master curve can be obtained using the 

Asphalt Mixture Performance Tester (AMPT) dynamic modulus test (AASHTO TP 132). In this 

test, the storage modulus (Eô) at three different temperatures (4, 20 , and 35  or 40 ) and 

three different frequencies (0.1, 1, and 10 Hz) is measured. In other words, the results from the 

AMPT dynamic modulus test can be summarized into nine measured data points. The variation 

in the nine measured data pointsô storage modulus is the choice method to define the dynamic 

modulus variability index. The dynamic modulus variability index is defined in Equation (7.3). 

Based on this equation, the variation of the storage modulus at each temperature and frequency 

determines the dynamic modulus variability index (IDynMod). 

9

1 1

1
N

fit _ i, j fit _avg , j

DynMod
fit _avg , ji j

E' E'
I

N E'
= =

-
= ää

 

  

(7.3) 

where 

IDynMod = index parameter representing the dynamic modulus variation,  

N = number of MCMC simulations,  



   

170 

 

fit _ i , jE'   = fitted storage modulus from the fitted curve for the i th dataset at the j th 

temperature and frequency, and 

fit _ avg , jE'   = storage modulus from the fitted curve using all of N specimens at the j th 

temperature and frequency. 

 

After defining the dynamic modulus variability index, the effect of dynamic modulus 

variation on the %Damage distribution was studied. In order to find the relationship between the 

dynamic modulus variability index (IDynMod) and the %Damage distribution, FlexPAVETM 

simulations were run using the material listed in Table 7.3 and the reference structure (Figure 

7.3). For the dynamic modulus, different predictive envelopes were input to FlexPAVETM. For 

the damage characteristics and failure criterion models, the mixture specific mean values were 

used. Therefore, the dynamic modulus variation was the only variation in these sets of 

simulations. In this way, the effect of dynamic modulus on the %Damage distribution could be 

studied for different mixtures and prediction levels. Figure 7.13 shows the standard deviation of 

%Damage versus the average of %Damage for different predictive envelopes for Mixture A. 

Equation (7.4) shows the general relationship for the standard deviation of %Damage and the 

average of %Damage. It was found that a1 is the only variable of this function, so finding this 

parameter is the key to find the %Damage distribution.  
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Figure 7.13. Effect of dynamic modulus variation on the %Damage variation using different 

levels of the predictive envelopes for Mixture A 

( )
0 544

1

.

DynModStd a %D= ³  (7.4) 

 

where 

StdDynMod  = standard deviation of %Damage distribution due to dynamic modulus 

variation,  

%D = average of %Damage distribution, and 

a1  = fitting coefficient. 

 

This study was repeated for all of the mixtures and predictive envelopes listed in Table 

7.3. For each case, a1 in Equation (7.4) was calculated. In addition, the dynamic modulus 

variability index (IDynMod) for every prediction level was calculated using Equation (7.3). In the 

next step, the author tried to find the relationship between the dynamic modulus variability index 

(IDynMod) and a1. Figure 7.14 shows the a1 versus IDynMod for the mixtures in this study. Different 

points in the same mixture show different levels of the predictive envelope. These results are 

from 15 different conditions representing a total of 15,000 FlexPAVETM simulations (see Table 

7.3). 
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Figure 7.14. a1 versus IDynMod for different mixtures 

Based on this figure, Equation (7.5) was developed. In this equation, a1 can be calculated 

knowing the IDynMod from the AMPT dynamic modulus test.  

( )1 0 2026 DynModa . I=  (7.5) 

  

7.8.2. Damage Characteristic  

A similar approach described in the previous subsection was considered to find the effect 

of damage characteristic parameters on the %Damage distribution. In the first step, the C versus 

S variability index was defined. Equation (7.6) shows the proposed index that represents the 

variability for the C versus S curve. This equation calculates the area between the fitted C versus 

S curve for the i th specimen (dataset) and the C versus S curve using all of the samples (datasets). 
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(7.6) 

where 

ICvsS = index parameter representing the damage characteristic curve variation,  

Ci = pseudo stiffness for the i th specimen,  

fitC  = fitted pseudo stiffness using all of the specimens, and  

Smax = S represents the internal state variable @ S=200,000. 
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In the next step, the damage characteristic envelopes were inputted into FlexPAVETM program. 

For the dynamic modulus and DR parameters, the mixture-specific mean values were used. Then, 

the standard deviations of %Damage versus the average of %Damage were plotted for all 

mixtures and different prediction levels. Figure 7.15 shows an example for different prediction 

levels for Mixture A. Equation (7.7) shows the general function to relate the standard deviation 

of %Damage and average of %Damage. Based on this equation and for a given asphalt mixture, 

if a2 is known, then the %Damage distribution could be calculated at any damage level.  

( )
0 544

2

.

CvsSStd a %D= ³  (7.7) 

 

where 

StdCvsS  = standard deviation of %Damage distribution due to damage 

characteristic variation, and 

a2 = fitting coefficient. 

  

Figure 7.15. Effect of damage characteristic variation on the %Damage variation using different 

levels of the predictive envelopes for Mixture A 
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Figure 7.16. a2 versus ICvsS for different mixtures 

 

( )5
2 9 09 10 CvsSa . I-= ³  

 

(7.8) 

7.8.3. Failure Criterion (D R) 

In order to find the effect of DR parameters on the %Damage distribution, a similar 

approach to that described in the previous subsections was employed. In the first step, the 

variability of the DR variability index was defined. Since DR is a single parameter, the standard 

deviation could be a good candidate for the index variability. Equation (7.9) presents the 

proposed index that represents the variability of DR values. This equation simply defines the 

index variability as the standard deviation of DR values compared to the regressed DR. 
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 (7.9) 

where 

IDR = index parameter representing failure criterion variation 

R
iD  = DR value for the i th specimen, and  

R
fitD  = regressed DR value considering all of the samples. 
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In the next step, the failure criterion (DR) predictive envelopes were input to 

FlexPAVETM program. For the dynamic modulus and C versus S parameters, the mixture 

specific mean values were input. In this part of the analysis, DR is the only variation in the 

FlexPAVETM simulations. Then, the standard deviation of %Damage versus the average of 

%Damage was plotted for all of the conditions listed in Table 7.3. Figure 7.17 shows an example 

of different prediction levels for Mixture A. Similar to the plots for the dynamic modulus and C 

versus S curve, the standard deviation of %Damage correlates with the average of %Damage in 

the power form in this plot.  

Equation (7.10) shows the general form of this function. For a given asphalt mixture, if a3 is 

known, the %Damage distribution can be calculated at any damage level.  

 

 

Figure 7.17. Effect of failure criterion (DR) variation on the %Damage variation using different 

levels of the predictive envelopes for Mixture A 
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In the next step, a3 versus IDR was plotted for all of the conditions listed in Table 7.3. 

Figure 7.18 presents the mentioned plot. Therefore, Equation (7.11) could be defined as follows: 

( )3 5 07 DRa . I=  (7.11) 

 
Figure 7.18. a3 versus IDR for different mixtures 

7.9. %Damage Distribution 

In the previous section, three models were developed to calculate the %Damage 

distribution using IDynmod, ICvsS, and IDR. As mentioned earlier, these parameters were investigated 

individually, but in the pavement simulation, the %Damage distribution is a function of the 

combined uncertainty of dynamic modulus (a1), damage characteristic (a2), and DR (a3). In this 

section, the interaction of a1, a2, and a3 was investigated. In the first step, the 99.99% predictive 

envelope for dynamic modulus, C versus S, and DR was selected. These three envelopes were 

randomly combined and input to FlexPAVETM. The same study was repeated for 98%, 90%, and 

50% predictive envelopes. Figure 7.19 shows the standard deviation of %Damage versus the 

average of %Damage for four different prediction levels for Mixture A. Similar to the previous 

graphs, a power relationship is observed. 
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Figure 7.19. Effect of dynamic modulus, damage characteristic, and failure criterion (DR) 

variations on the %Damage variation  

Equation (7.12) shows the general function of the standard deviation of %Damage and 

average of %Damage. Based on this equation, the %Damage distribution can be calculated if 

aTotal is known.  

( )
0 544.

Total TotalStd a %D=  (7.12) 

where  

StdTotal = standard deviation of %Damage distribution, and 

aTotal = fitting coefficient. 

 

In the previous section, the models to find a1, a2, and a3 were developed. This section 

develops a model to find the relationship between aTotal and the material uncertainty indices (a1, 

a2, and a3). In order to find the mentioned relationship, a linear regression method was 

employed. Equation (7.13) shows the general form of aTotal regression model. 
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w1, and w2, w3 = linear regression coefficients.  

 

In order to find w1, w2, and w3, an experimental plan was designed. Table 7.6 shows the 

experimental plan for the regression analysis. In this study, all possible combinations of the 

prediction levels for each mixture were considered. For example, for Mixture A, four different 

predictive envelopes for dynamic modulus, four different predictive envelopes for damage 

characteristics, and four different predictive envelopes for DR parameters are available. 

Therefore, 64 possible combinations could be created with varying levels of predictions. For 

each condition, the predictive envelopes were randomly combined, and FlexPAVETM simulations 

were done for each combination. In the next step, aTotal was calculated for each combination 

using Equation (7.12). On the other hand, a1, a2, and a3 are known from the IDynmod, ICvsS, and IDR, 

respectively. Therefore, w1, w2, and w3 for each mixture could be found through the regression 

analysis (see Equation (7.13)).  

Table 7.6. Experimental Plan for the Regression Analysis 

Mix  Number of Prediction Levels Prediction Levels Number of Conditions 

Mixture A 4 50, 90, 98, and 99.99% 4×4×4 = 64 

Mixture B 4 50, 90, 98, and 99.99% 4×4×4 = 64 

Mixture C 2 50, and 98% 2×2×2 = 8 

Mixture D 2 90, and 99.99% 2×2×2 = 8 

Mixture E 3 90, 98 and 99.99% 3×3×3 = 27 

Total 15 N/A 171* 

*Note: 171 conditions represents 171,000 FlexPAVETM simulations. 

 

Table 7.7 shows the regression results for each mixture individually. Due to the similarity 

of the coefficients for different mixtures, the use of a global set of coefficients was examined. 

Therefore, another regression analysis was performed using all of the data, and the global 

coefficients were obtained. The result of this analysis can be found in the last row of Table 7.7. 
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Figure 7.20 shows the results of the predicted aTotal versus fitted aTotal using the global linear 

regression coefficients. The last two columns in Table 7.7 present the mean SSE for two 

different scenarios. The column titled óMean SSEô shows the SSE for a respective mixture after 

optimizing the mixture-specific weight factors. In this case, the optimization using Mixture C 

resulted in the best match with the observed data. The column titled óMean SSE for all 171 

conditionsô presents the mean SSE when the mixture specific weight factors were used to predict 

all 171 conditions. Since the global calibration was developed using all of these 171 conditions, 

the value of SSE in both columns is the same. Both columns are provided to give the reader a 

sense of the overall efficacy of using the globally calibrated coefficients. 

Table 7.7. Linear Regression Coefficients for Different Mixtures 

Mix w1  w2  w3  Mean SSE* Mean SSE for all 171 conditions 

Mixture A 0.32 0.63 0.72 5.4E-05 2.0E-04 

Mixture B 0.26 0.42 0.91 4.8E-06 2.0E-04 

Mixture C 0.15 0.35 0.96 4.1E-08 5.8E-03 

Mixture D 0.34 0.29 0.92 2.9E-07 5.2E-03 

Mixture E 0.24 0.62 0.77 6.3E-06 3.6E-04 

All  (Global) 0.28 0.55 0.83 3.8E-05 3.8E-05 

*Mean SSE: Average of the sum of squared errors. 

 

 
Figure 7.20. Prediction results obtained from linear regression analysis 
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In the next step, the effect of using the global coefficient on the %Damage propagation 

was investigated. In order to find the %Damage distribution, %DamageP is defined in Equation 

(7.14). 

P P Total%Damage %Damage Z Std= + ³  (7.14) 

where 

P%Damage  = %Damage at the reliability level of P, 

%Damage = %Damage for a given mean input value (50% reliability level), and 

Zp = standard normal deviate corresponding to the reliability level of P. 

 

In order to quantify the error, %Error is defined in Equation (7.15): 

( )98 98

98

20 20

20

Total Pr edicted Total

Total

% a % a

% a

D D
%Error

D

-- -

-

-
=  

(7.15) 

where 

9820
Total Pr edicted% aD

--  = %Damage at the end of 20 years corresponding to 98% reliability level 

using aTotal-Predicted  

 

9820
Total% aD -  = %Damage at the end of 20 years corresponding to 98% reliability level 

using aTotal  

 

As noted earlier, %Error was defined to quantify the overall efficacy of using the 

globally calibrated coefficients. Therefore the %Error for óall of 171 conditionsô for two 

different scenarios was studied. The first scenario was to investigate the %Error using the 

globally calibrated coefficients. In the second scenario, the %Error using the mixture specific 

coefficients was studied. The %Error using the mixture specific coefficients can be considered 

as the óreferenceô point. Therefore, a comparison of these two scenarios can show the overall 

efficacy of using global coefficients. Figure 7.21 (a) shows the %Error using the global 
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coefficients (scenario 1). Figure 7.21 (b) shows the %Error using the mixture specific regression 

coefficients (scenario 2). Based on this figure, the maximum %Error for all 171 conditions is 

less than 2%. Comparing these two figures can confirm that the global regression coefficients 

can be used to find the %Damage distribution. 

 
Figure 7.21. %Error defined in Equation (7.15) for different mixtures using the regression results 

from (a) global regression coefficients, and (b) mixture-specific coefficients 

7.10. %Cracking Envelope 

In order to calculate %Cracking, the preliminary transfer function for the predicted 

fatigue damage was used. The general form of the transfer function is presented in Equation 

(7.16) (Wang et al. 2020b).  
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(7.16) 

where 

Cf1, Cf2, and Cf3 = calibration factors and the values of 0.342, 13.97, and 16.38 respectively 

 

 Figure 7.22 shows the 98% %Damage and %Cracking envelope for Mixture A in the 

Structure #1 condition (see Table 7.4). These data were generated following the framework 

presented in this chapter. 
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Figure 7.22. Predictive envelopes for (a) %Damage and (b) %Cracking  

7.11. Model Verification  

In the final step, the verification of the proposed models was studied. In this part, the 

%Cracking envelope under Structure #1 loading condition (see Table 7.4) was obtained for all of 

the mixtures using two different approaches: In the first approach, the %Cracking envelope was 

obtained by FlexPAVETM simulations through HPC. The %Cracking was generated using 1000 

FlexPAVETM simulations, and the 98% confidence interval of the results was considered as the 

prediction interval. These results can be regarded as the óreferenceô data for model verification. 

In the second approach, the %Cracking envelope with the reliability level of 98% was generated 

using the proposed models in this chapter. Figure 7.23 and Figure 7.24 show the %Damage and 

%Cracking bands using the two mentioned approaches. These figures show the results for the 

óbest caseô (where global coefficients best match the óreferenceô conditions) and for the óworst 

caseô (where the %Error is the highest). For the óworst case,ô based on the predictive model, the 

%Damage at the end of 20 years falls in 15.8% ± 2.2% with 98% reliability. However, based on 

the FlexPAVETM simulations on HPC, this value falls in 15.8% ± 1.6% with 98% reliability. For 

the %Cracking at the end of 20 years, the upper band from the FlexPAVETM-HPC simulations is 

40.3%. This value from the predictive model is 41.8%. Therefore, for the óworst caseô, the error 

in predicting the upper band of %Damage and %Cracking is 0.6% and 1.5%, respectively. 
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Figure 7.23. FlexPAVETM results and predictive envelopes for (a) %Damage and (b) %Cracking 

for the óbest caseô 

 
Figure 7.24. FlexPAVETM results and predictive envelopes for (a) %Damage and (b) %Cracking 

for the óworst caseô 

7.12. Summary and Conclusion 

In this chapter, the framework for calculating the %Cracking predictive envelope was 

developed. This framework was developed based on the S-VECD fatigue model. This model is 

implemented in FlexPAVETM program. This program can predict the %Cracking at any given 

climate, loading condition, and structure. In order to develop the framework, thousands of 

FlexPAVETM simulations were done. Five different mixtures with different levels of prediction 

were used. The MCMC method was used to generate the dataset for the FlexPAVETM inputs. 

Three material variability indices were defined, and a model was developed to related these 

indices to the %Damage distribution. Figure 7.25 shows the framework proposed in this chapter. 
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Developing this framework could save significant execution time and will allow users to find the 

%Cracking envelope at any given reliability level.  

In order to run the MCMC, 1000 FlexPAVETM simulations should be done. These 

simulations take approximately 500 hours of computing (~20 days). However, with the proposed 

framework, there is no need to run additional FlexPAVETM cases and the %Cracking envelope 

can be calculated using the FlexPAVETM results for the %Damage from the mean input values 

(~30 minutes).  
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Figure 7.25. The framework to find the %Cracking predictive envelope 
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CHAPTER 8. RELIABILITY ANALYSIS  OF RUT DEPTH PREDICTION IN ASPHALT 

PAVEMENT SECTIONS USING FLEXPAVE TM  PROGRAM AND PERMANE NT 

DEFORMATION MODEL  

8.1. Introduction  

In the previous chapter, the importance of the uncertainty quantification in the material 

and the structural level was discussed. Then the framework to develop the %Cracking predictive 

envelope was presented. Chapters 2 and 3 of this dissertation presented the basis of Stress Sweep 

Rutting (SSR), permanent deformation shift model, and Rutting Strain Index (RSI). In this 

chapter, the framework to develop the rut depth predictive envelope is presented. In order to 

develop the framework for rut depth prediction, this study used the simplified FlexPAVETM 

algorithm presented in Chapter 3. In Chapter 3, it was shown that the asphalt layerôs rut depth is 

independent of aggregate base thickness, base modulus, and subgrade modulus. It was also found 

that for this model, the variation in the asphalt mixture dynamic modulus does not significantly 

affect the rut depth in the asphalt layer (Ghanbari et al. 2020). Therefore, despite the %Cracking 

calculation, the dynamic modulus variation is not a critical factor in the rut depth predictive 

envelope.  

As noted earlier, the main drawback to calculating the %Cracking predictive envelope 

was the extensive computation time of the FlexPAVETM simulation to run 1000 cases of MCMC 

generated inputs. As a result, the predictive models were developed to bypass running 1000 

FlexPAVETM simulations. However, with the simplified algorithm developed in Chapter 3, this 

concern does not exist for the rut depth calculations. With the simplified version of the 

FlexPAVETM algorithm, 1000 FlexPAVETM-Rutting simulations can be performed in 1-2 

minutes on a regular computer (quad-core CPU and 8 GB RAM). So there is no need to develop 
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new models to find the rut depth predictive envelope. The rut depth predictive envelope could be 

obtained by running 1000 cases of simplified FlexPAVETM algorithm. In order to verify the 

simplified FlexPAVETM, 1000 cases of FlexPAVETM simulations were performed in HPC, and 

the results were compared to the results from the simplified FlexPAVETM. 

Figure 8.1 (a) shows the results obtained by FlexPAVETM simulations on HPC. The same 

simulations were done using the simplified version of FlexPAVETM (See Figure 8.1 (b)). In the 

next step, the results from two different procedures were compared. As a result, the maximum 

percent difference in the predicted rut depth obtained by the two mentioned methodologies was 

0.1%. Therefore, the simplified FlexPAVETM was used to run the structural simulations. Figure 

8.2 shows the preliminary framework to calculate the rut depth predictive envelope. 

 
Figure 8.1. Comparison of rut depth calculation obtained by (a) FlexPAVETM and (b) Simplified 

FlexPAVETM 

 

(a) (b) 
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Figure 8.2. The framework for the uncertainty quantification of Rut Depth 

8.2. Material and Data 

In order to investigate the effect of uncertainty on the permanent deformation in the 

asphalt pavements, the SSR test results from different materials were selected. The general 

information on these mixtures is listed in Table 8.1. 

Table 8.1. Mixture Information  

Mix 
NMAS 

(mm) 

Binder 

Grade 

Binder 

Content  

(%) 

RAP 

Content  

(%) 

Source 

Mixture A 9.5 PG 58-28 5.8 30 NC 

Mixture B 9.5 PG 58-28 6.1 30 NC 

Mixture C 9.5 PG 58-28 5.3 30 NC 

Mixture D 12.5 PG 64E-28 5.3 20 ME 

Mixture E 12.5 PG 64-28 4.7 33 MO 

Run Simplified FlexPAVETM Algorithm.

Permanent Deformation Shift Model

Generate FlexPAVETM Inputs.

Rut Depth Predictive Envelope

Stress Sweep Rutting Test

(AASHTO TP 134)

Calculate Predictive Envelope for Shift 

Model Predictions using MCMC.

Transfer Function

AC Rut Depth Predictive Envelope
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8.3. Uncertainty in Rut Depth Prediction 

Equation (8.1) shows the permanent deformation shift model. This model is calibrated by 

the SSR test results. This model will be calibrated using six model coefficients (Ů0, NI, ɓ, p1, d1, 

and d2). In this section, three major uncertainties in the rut depth prediction are studied.  
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(8.1) 

where  

Ůvp = viscoplastic strain, 

Nred = reduced number of cycles, 

aT = total shift factor, 

aɝp = reduced load time shift factor, 

aův = vertical stress shift factor, 

ɝp = reduced load time, s, 

ův = vertical stress, kPa, 

T  = test temperature, °C 

Pa  = atmospheric pressure used to normalize the stress, kPa, and 

Ů0, NI, ɓ, p1, d1, and d2 = fitting coefficients. 

 

8.3.1. Variation in the SSR Test Results 

As noted in the previous chapters, the SSR test procedure follows the AASHTO TP 134 

standard. In this test, the viscoplastic strain at the end of each cycle is recorded. Based on this 

standard test procedure, when the difference in the viscoplastic strain at the end of 600 cycles 

between two replicates is less than 25%, the third replicate is not needed. Figure 8.3 shows the 

SSR test results for Mixture A described in Table 3.2. This test was performed with two 
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replicates at low temperature (TL=30 ) and two replicates at high temperature (TH=51 ). In 

this test, the differences between the viscoplastic strains for two replicates at high temperature 

and low temperature are 23.2% and 21.1%, respectively. Therefore, based on the AASHTO TP 

134, these results are acceptable, and the third replicate is not needed. In this section, the effect 

of these variations on the shift model calibration and rut depth prediction is investigated. 

 
Figure 8.3. Viscoplastic strain versus number of cycles from the SSR test results for Mixture A 

8.3.2. Variation in the Shift Model Coefficients 

In order to calibrate the permanent deformation shift model, the viscoplastic strain versus 

the number of cycles for each temperature is needed. So the average of two replicatesô 

viscoplastic strains at each temperature is used to calibrate the shift model. In this section, the 

effect of sample to sample variation on the shift model calibration is studied using only results 

from measured tests. For the first step, five different approaches were defined based on the 

measured results and then used to calibrate the permanent deformation shift model. The first 

approach, which is the AASHTO TP 134 standard procedure for the shift model calibration, was 

to calibrate the model based on the average viscoplastic strains from the two tests at each 
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temperature (Approach #1). Approach #2 to Approach #5 used the four possible combinations of 

individual replicates to calibrate the shift model (see Table 8.2). The shift model was then 

calibrated using the five different approaches, and five different sets of model coefficients were 

generated. Table 8.2 shows the shift model coefficients that were calibrated based on five 

different approaches. In this table, the variation of the model coefficients from the measured data 

can be observed. 

Table 8.2. Different Approaches to Calibrate the Permanent Deformation Shift Model  

 Approach TH TL Ů0 NI ɓ p1 d1 d2 

#1 Average Average  2.95E-03 0.9 0.727 0.66 0.140 -1.37 

#2 Replicate #1 Replicate #1 3.00E-03 0.7 0.710 0.63 0.124 -0.95 

#3 Replicate #2 Replicate #1 2.92E-03 1.2 0.748 0.52 0.150 -1.20 

#4 Replicate #1 Replicate #2 3.00E-03 0.7 0.710 0.79 0.137 -1.64 

#5 Replicate #2 Replicate #2 2.92E-03 1.2 0.748 0.69 0.172 -2.33 

 

8.3.3. Variation in the Rut Depth Prediction 

In this section, the effect of the variation in the model coefficients on the pavement rut 

depth prediction was studied using the simplified FlexPAVETM algorithm described in Chapter 3. 

In order to carry out the predictions, Structure #1 (see Table 7.2) was selected. This structure was 

also used to develop the Rutting Strain Index (RSI) (Ghanbari et al. 2020). In the next step, the 

asphalt layer rut depth was predicted for 20 years. Figure 8.4 shows the simplified FlexPAVETM 

simulations using different approaches listed in Table 8.2. In this figure, the rut depth at the end 

of 20 years for Approach #2 has the highest value compared to other approaches (5 mm). This 

value for Approach #5 has the least value (3 mm). Therefore, the range of 3 to 5 mm is the 

expected range of rut depth prediction for this specific test result and structures.  
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Figure 8.4. Rut depth prediction by simplified FlexPAVETM using the permanent deformation 

shift model and SSR test  

8.4. Bayesian Inference-based MCMC 

In the previous chapter, the framework to predict %Cracking envelope was presented. In 

this chapter, the same approach was employed to calculate the rut depth predictive envelope. In 

order to calculate the rut depth predictive interval, the Bayesian inference-based MCMC 

methodology was used to generate the model coefficients (Smith 2013). In this method, the shift 

model coefficients (Ů0, NI, ɓ, p1, d1, and d2) were treated as random variables. The MCMC was 

used to generate the probability distribution for each of the six model coefficients, the so-called 

posterior distribution. The posterior distribution shows the credible interval of the model 

predictions. This methodology can quantify the shift model uncertainties because it provides the 

model coefficient densities and can quantify the effect of the model coefficientsô density through 

the posterior distribution.  

In the first step, 1000 sets of the shift coefficients (Ů0, NI, ɓ, p1, d1, and d2) were generated 

using the Bayesian inference-based MCMC. No restriction was applied to the posterior 

distribution, and the coefficients were generated with the MCMC method without any constraints 

on the coefficients. Figure 8.5 shows the parameter estimation using the mentioned technique.  
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Figure 8.5. Parameter estimation results for the shift model coefficients correlations 

In the next step, the posterior densities of Ů0, NI, ɓ, p1, d1, and d2 are propagated to construct the 

distributions of the viscoplastic strain at the test temperatures (Ůvp @ TL and Ůvp @ TH). In order to 

find the effect of this variation on the structural level, the 1000 sets of model coefficients were 

input to the simplified FlexPAVETM algorithm, and the rut depth over 20 years was calculated 

for each set of coefficients. Figure 8.6 shows the credible intervals of the viscoplastic strain and 

the rut depth predicted by the simplified FlexPAVETM using Structure #1. 
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Figure 8.6. 95% Credible intervals for Mixture A using unconstrained MCMC for (a) 

viscoplastic strain, and (b) rut depth 

In the next step, the prediction interval data was generated using MCMC methodology. Figure 

8.7 shows the 95% prediction intervals of the viscoplastic strain and the rut depth predictions 

using Structure #1. Although the credible intervalôs range in the viscoplastic strain looks small, 

this uncertainty has a substantial impact on the rut depth prediction. As mentioned earlier, the rut 

depths obtained by Approach #2 and Approach #5 were considered as the extreme cases in the 

rut depth prediction. Hence it is expected that these two approaches cover the variation in the rut 

depth prediction. However, the prediction interval band in Figure 8.7 is wider than the range 

provided by the measured data.  

 
Figure 8.7. 95% Prediction intervals for Mixture A using unconstrained MCMC for: (a) 

viscoplastic strain, and (b) rut depth 

(a) (b) 

(a) (b) 



   

195 

 

8.4.1. Constrained Parameter Estimation 

In order to find the reason for the vast range of rut depth prediction intervals, the 

variation in the shift modelôs coefficients was investigated in a more detailed analysis. In the first 

step, the range of the parameter estimations to construct the credible interval and prediction 

interval was studied. The posterior distribution variation was then compared to the model 

coefficients calibrated using five different approaches (see Table 8.2). As mentioned in Chapter 

2, Ů0, NI, and ɓ are the three model coefficients to construct the reference curve. These three 

coefficients are obtained by fitting the viscoplastic strain versus the number of cycles at the 

reference condition. Table 8.3 shows the range of these three coefficients obtained from the 

measured data, credible interval, and prediction interval. 

Table 8.3. The Range of Shift Model Coefficients in the Parameter Estimation for Mixture A 

 
Ů0 NI ȸ 

 Min Max Min Max Min Max 

Measured Data 2.92E-03 3.00E-03 0.7 1.2 0.710 0.748 

Credible Interval 2.59E-03 3.07E-03 0.1 1.7 0.695 0.736 

Prediction Interval 2.26E-03 3.29E-03 0.1 1.1 0.691 0.737 

 

As shown in Table 8.3, the model coefficients range in the measured data is narrower 

than the coefficient ranges in the credible and prediction interval. Therefore, the broader range 

for the shift model coefficients in the credible and prediction interval could be one of the 

possible reasons for the considerable variation in Figure 8.6(b) and Figure 8.7(b). In the next 

step, the posterior distribution was generated in a constrained range. So the three coefficients (Ů0, 

NI, and ɓ) were generated limited to the range of the coefficients from the measured data. Figure 

8.8 shows the parameter estimation to generate the posterior distribution. In the next step, the 
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viscoplastic strains at the test temperatures were generated using the MCMC posterior 

distribution. Figure 8.9 shows the credible interval for the viscoplastic strain and the predicted 

rut depth using the new sets of coefficients. As expected, the range of 95% credible interval for 

the rut depth decreased significantly. Therefore, constraining the coefficients can be a possible 

approach to generate the posterior distribution. 

 
Figure 8.8. Parameter estimation using constrained MCMC for Mixture A 

 
Figure 8.9. 95% credible intervals for Mixture A using constrained MCMC for: (a) viscoplastic 

strain, and (b) rut depth 

(b) (a) 
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In the next step, the posterior distribution for the prediction interval was used, and the 

model coefficients were generated by the MCMC method. Similar to the credible interval 

posterior distribution, the model coefficients were generated in the same range as the measured 

coefficients. Figure 8.10 (a) shows the 95% prediction interval for the viscoplastic strain at the 

SSR test temperature. Figure 8.10 (b) presents the 95% rut depth prediction interval under 

Structure #1. As expected, constraining the model coefficients decreased the variation in rut 

depth prediction. As mentioned earlier, the SSR test resultsô variation for Mixture A was 

reported as 23.2% and 21.1% in high temperature and low temperature, respectively. These 

variations lead to a maximum variation of 49.9% in the mixture rut depth.  

 
Figure 8.10. 95% Prediction intervals using constrained MCMC for: (a) viscoplastic strain, and 

(b) rut depth 

Previous research studies showed that Ů0 and NI represent the primary region, and (1- ɓ) 

the slope of the permanent strain growth in the log-log scale in the secondary region (Choi 

2013). Therefore, these three parameters represent the asphalt mixture's viscoplastic behavior in 

the primary and secondary regions. In Mixture A, the unconstrained MCMC leads to 

considerable variation in Ů0, NI, and ɓ. These variations result in a larger variation in rut depth 

prediction. For example, the range of ɓ from the measured data is from 0.710 to 0.748 (see Table 

(a) (b) 
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8.4). Based on the unconstrained MCMC, this range from the parameter estimation (ɓ) was from 

0.691 to 0.737. As a result, the MCMC tends to generate lower ɓ values. As mentioned, (1- ɓ) 

controls the permanent strain growth; therefore, a lower ɓ value leads to a higher viscoplastic 

strain. On the other hand, lower Ů0 results in a lower viscoplastic strain. In Mixture A, the 

MCMC generates lower Ů0 values in comparison with the measured data. Therefore, Ů0 and ɓ are 

competing against each other, which may contribute to the larger variation in the predictive 

envelope in Figure 8.7. 

In Chapter 3, it was found that the structural factors do not have a significant effect on the 

rut depth variations. In order to confirm this finding, the asphalt layer rut depth variation for 

Mixture A was calculated using a different structure. (Structure #8 in Table 7.4). Figure 8.11 

shows the comparison of the results for the simplified FlexPAVETM simulations using Structure 

#1 and Structure #8. In this case, the same results for both structures (maximum variation of 

49.9%) were obtained. Therefore, the findings in Chapter 3 related to the independency of rut 

depth variation to the structural factor was confirmed. 

 
Figure 8.11. 95% Prediction intervals for asphalt rut depth using constrained MCMC for: (a) 

Structure #1, and (b) Structure #8 

(a) (b) 
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In order to see the effect of variation in the SSR test results on the rut depth prediction, 

another set of SSR test results with less variability compared to Mixture A was used, and the 

same study was repeated. In Mixture B, the SSR test resultsô variation is less than the Mixture A. 

Similar to Mixture A, the test was performed with two replicates at low temperature (TL=30 ) 

and two replicates at high temperature (TH=51 ). In this test, the differences between the 

viscoplastic strains for two replicates at high temperature and low temperature are 4.7% and 

6.9%, respectively. Based on the measured data and using Approach #1 to Approach #5, the 

maximum difference in rut depth prediction was 16.8%. Similar to Mixture A, two different 

scenarios of MCMC simulations were performed to generate 95% predictive envelope. Table 8.4 

shows the range of the shift model coefficients obtained from the measured data, unconstrained 

credible interval, and unconstrained prediction interval. Figure 8.12 and Figure 8.13 show the 

95% predictive envelopes using the unconstrained and constrained MCMC, respectively. Based 

on the unconstrained MCMC, the maximum difference in the rut depth prediction was 34.5%. 

For this simulation, the maximum difference using the constrained MCMC was 21.3%. A 

comparison of the results from Mixture A and Mixture B showed that as the variation in the test 

results decreases, the variation in the rut depth prediction decreases.  

Table 8.4. The Range of Shift Model Coefficients in the Parameter Estimation for Mixture B 

 
Ů0 NI ɓ 

 Min Max Min Max Min Max 

Measured Data 3.69E-03 3.76E-03 0.5 0.7 0.685 0.687 

Credible Interval 3.37E-03 3.73E-03 0.1 0.6 0.667 0.689 

Prediction Interval 3.23E-03 3.62E-03 0.1 0.4 0.667 0.678 
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Figure 8.12. 95% credible intervals using unconstrained MCMC for: (a) viscoplastic strain, and 

(b) rut depth 

 
Figure 8.13. 95% credible intervals using constrained MCMC for: (a) viscoplastic strain, and (b) 

rut depth 

As mentioned earlier, the variation in both high temperature and low temperature affects 

the rut depth variation. The same analysis described in this chapter was performed on Mixture C, 

Mixture D, and Mixture E (see Table 8.1). Table 8.5 shows the variation in the SSR test results 

and the rut depth from the measured data for all of the mixtures in this study. In the next step, the 

variation in the predictive envelope was investigated using the constrained and unconstrained 

MCMC. The figures showing the predictive envelopes for the mixtures can be found in 

Appendix B. 

(a) (b) 

(b) (a) 
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The results show that the variation in rut depth depends on the climatic condition, 

variation in low temperature, and variation in high temperature. Thus defining a global function 

that relates the variation in the material level to the structural level variation is complex. A rule 

of thumb for the mixtures analyzed in this study shows that the variation in the rut depth 

predictive envelope is 1.5 to 3.5 times of the variation in the viscoplastic strain. However, with 

developing the simplified FlexPAVETM, there is no longer a need for developing a predictive 

model. The simplified FlexPAVETM algorithm calculates the variation in the rut depth given the 

climatic condition and variation in the material level.  

Table 8.5. The Variation in Test Results and MCMC Data Generation for All of the Mixtures 

 
Climate 

Viscoplastic 

Strain @ TL  

Viscoplastic 

Strain @ TH  

Rut Depth (From 

Measured Data) 

Rut Depth Predictive 

Envelope (Constrained) 

Mixture A NC 21.1% 23.2% 40.0% 49.9% 

Mixture B NC 6.9% 4.7% 16.8% 21.3% 

Mixture C NC 6.3% 8.4% 17.5% 16.3% 

Mixture D ME 0.2% 8.6% 1.5% 7.6% 

Mixture E MO 2.5% 1.8% 11.4% 8.6% 

 

8.5. Summary and Future Works 

Table 8.6 presents the results of the predicted rut depth after 20 years for all of the 

mixtures listed in Table 8.1. In this table, the range of rut depth predictive envelope for all of the 

mixtures was compared using two methods (unconstrained MCMC and constrained MCMC). In 

the first method, the rut depth predictive envelopes were generated using the unconstrained 

MCMC. In the second scenario, the coefficients were generated constrained to the measured 

model coefficients. 
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Table 8.6. The Range for Rut Depth Prediction Using Different Methodologies 

  Rut Depth @ 20 years (mm) 

   Measured Data Unconstrained Constrained 

Mixture A 
Min 3.0 2.5 2.6 

Max 5.0 6.4 5.1 

Mixture B 
Min 4.6 4.0 4.5 

Max 5.5 6.1 5.7 

Mixture C 
Min 1.7 1.5 1.7 

Max 2.0 2.1 2.0 

Mixture D 
Min 1.8 1.8 1.7 

Max 1.8 2.2 1.9 

Mixture E  
Min 2.9 3.2 2.9 

Max 3.3 3.5 3.2 

 

The results showed that constraining the shift model coefficients to the measured data 

generates a posterior distribution with a narrower range than the unconstrained MCMC 

generation. Therefore, this approach could be used to generate the predictive envelopes for the 

rut depth prediction. Figure 8.14 shows the proposed framework for the rut depth predictive 

envelope. 

As mentioned earlier, the shift model coefficients are calibrated using two replicates at 

each temperature. The main drawback of the proposed methodology could be constraining the 

coefficients to the limits obtained by the measured data. Therefore, the limits are forced to the 

measured data, which comes from two replicates at each temperature. In order to improve the 

accuracy of the test results, a ruggedness study should be done to identify the effect of the SSR 

experimental factors on the shift modelôs coefficients. As the ruggedness study on AASHTO TP 

134 will be done, the effect of sample to sample variability on the model coefficients could be 

studied. Therefore, the limits for the Bayesian inference-based MCMC could be selected based 

on the more robust analysis. 
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Figure 8.14. The proposed framework to calculate the rut depth predictive envelope 

 

  

Run Simplified FlexPAVETM Algorithm.

Permanent Deformation Shift Model

Generate FlexPAVETM Inputs using MCMC. 

Rut Depth Predictive Envelope

Stress Sweep Rutting Test

(AASHTO TP 134)

Model Calibration using Approach#1 to #5

Transfer Function

AC Rut Depth Predictive Envelope



   

204 

 

CHAPTER 9. SUMMARY AND CONCLUSIONS 

This dissertation presents a research study conducted on the performance and reliability 

analysis in the asphalt mixture performance-related specification (AM-PRS). In the first stage of 

the research, the permanent deformation shift model and the SSR test procedure have been 

modified. As a result, the accuracy of the shift model prediction increased. The research then 

continued by developing Rutting Strain Index (RSI). This index parameter is a quick indicator of 

the rutting behavior of asphalt mixtures. RSI is a rutting index parameter that is based on 

fundamental engineering principles and efficient SSR testing. This parameter captures the effects 

of temperature, stress level, and loading time on the permanent deformation of asphalt concrete 

using realistic loading and climatic conditions. The developed rutting index has a good 

agreement with the field observations as well as the engineering judgment. RSI parameter is also 

sensitive to mixture factors, such as RAP content, binder content, and volumetric properties. RSI 

can be employed by agencies as a tool for index-based PEMD and quality assurance purposes. 

The FlexMATTM program can simply analyze the SSR test results, calibrate the shift model, and 

calculate the RSI. 

In the next stage of this research, the performance-volumetric relationship (PVR) has 

been developed. The PVR function predicts the pavement distress (cracking and rutting) due to 

the volumetric change. This function is mixture-dependent and can be calibrated by three to five 

volumetric conditions. State highway agencies can employ PVR as a robust tool for predictive 

PEMD and quality assurance purposes.  

In the next stage of this dissertation, the framework of the performance-engineered mix 

design has been developed. Based on this framework, two approaches were taken to apply the 

PEMD in the PRS: Predictive PEMD and Index-based PEMD. 
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The proposed predictive PEMD employs the PVR function. The function will be 

calibrated by four different volumetric conditions of the mixture in question. The method will 

optimize the mix design by balancing the cracking and rutting considering the volumetric 

conditions. During this research, the PVRt function has also been developed to predict the life of 

the designed pavement at different volumetric conditions. In the PRS, the project-specific life 

table can be constructed by PVR and PVRt. As a consequence, the pay adjustment table can be 

generated according to the agenciesô needs. 

The index-based PEMD employs the fatigue and rutting index parameters (Sapp and RSI). 

In the proposed method, the optimum mix design will be found by optimizing the IVR function. 

IVR correlates the index parameter to the change in the volumetric condition. The function will 

be calibrated by two different volumetric conditions of the proposed mixture. In this research, the 

FlexMIXTM program was developed. This program contains the platform for both predictive 

PEMD and index-based PEMD and can simply calculate the optimum asphalt mixture design. 

In the last stage of this research, reliability analysis in the PRS was investigated. For this 

purpose, the study proposed quantifying the uncertainty in the material level (S-VECD and 

permanent deformation shift model) and investigating the effect of the material modelôs 

uncertainty on the structural simulation. This research developed a framework to find the project-

specific reliability levels for the rut depth and %Cracking prediction in FlexPAVETM.  

During this study, the predictive models have been developed to quantify the material and 

structural uncertainty. In the proposed framework, the rut depth and %Cracking envelope can be 

calculated using a Bayesian inference-based MCMC, and the FlexPAVETM results from the 

mean input values. 
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The following summarizes the conclusions of this research: 

¶ The SSR test and permanent deformation shift model can be used as an efficient method to 

characterize asphalt mixturesô rutting behavior.  

¶ Temperature, vertical stress, and load time are three critical components of the shift model. 

FlexPAVETM program can be used as a tool to simulate these components along with the 

depth. 

¶ RSI is a quick indicator of rutting behavior that captures the effects of temperature, stress 

level, and loading time on the permanent deformation of asphalt concrete using realistic 

loading and climatic conditions 

¶ RSI is sensitive to mixture factors, such as RAP content, binder content, and volumetric 

properties. 

¶ RSI can be employed by agencies as a tool for index-based PEMD and quality assurance 

purposes. 

¶ The distresses predicted by the PVR function have good agreement with the measurements 

from other volumetric conditions that are not used in the PVR calibration.  

¶ The PVR function can be used in the predictive PEMD and PRS by conducting the AMPT 

performance tests on a few volumetric conditions. 

¶ PVR provides a platform to develop the pay tables in the PRS based on the predicted 

pavement performance. 

¶ The predictive PEMD method aims to predict the performance across the entire volumetric 

space and determine the performance-optimum mixture by optimizing the aggregate 

gradation and binder content for the given set of component materials and the given 

aggregate gradation type.  
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¶ The PVRt function can be used to predict pavement life. The performance-optimum design is 

selected by comparing the pavement lives based on fatigue cracking and rutting. 

¶ The index-based PEMD method aims to predict the index parameter across a volumetric 

space and determine the performance-optimum mixture by optimizing the aggregate 

gradation and binder content for the given set of component materials and the given 

aggregate gradation type.  

¶ The index-based PEMD and predictive PEMD performance-optimum designs are predicted 

to have a longer service life than the Superpave volumetric-optimum designs.  

¶ The main drawback of the uncertainty quantification in the pavement simulation programs is 

the computation time. With the proposed framework for the reliability analysis in 

FlexPAVETM, this concern does not exist anymore. 

¶ In the proposed reliability framework for %Cracking, three material variability indices 

(IDynMod, ICvsS, IDR) were defined. The material indices showed a good agreement with 

the %Cracking variations at the structural level. 

¶ The mixture-specific %Cracking envelope can be calculated using the FlexPAVETM results 

from the mean input values and the developed predictive models. Therefore, there is no need 

to run additional simulations. 

¶ The proposed predictive models generate the mixture-specific %Cracking envelope at any 

reliability level. 

¶ For the rut depth predictive envelope, the constrained MCMC was suggested. The results 

showed a good agreement compared to the measured data. 

¶ The mixture-specific rut depth envelope at any reliability level can be generated using the 

simplified FlexPAVETM algorithm.  
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¶ The proposed framework in this research study helps the state highway agencies develop 

their performance-related specifications. 

¶ With the proposed framework, the agencies can develop the project-specific pay adjustments 

at any desired reliability level. The project-specific pay adjustments will be based on the true 

performance of the asphalt mixture. 
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APPENDIX A . MCMC SIMULATION FOR S -VECD MODEL  

Predictive Envelopes for Dynamic Modulus, C versus S, and DR for Different Mixtures 

 

Figure A. 1. Dynamic modulus, C vs. S, and DR predictive envelope for Mixture A based on the 

different level of predictions: a) 50%, b) 90%, c) 98%, and d) 99.99%  

 

(a) 

(b) 

(c) 

(d) 
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Figure A. 2. Dynamic modulus, C vs. S, and DR predictive envelope for Mixture B based on the 

different level of predictions: a) 50%, b) 90%, c) 98%, and d) 99.99%  

  

(a) 

(b) 
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Figure A. 3. Dynamic modulus, C vs. S, and DR predictive envelope for Mixture C based on the 

different level of predictions: a) 50%, and b) 98%  

 
Figure A. 4. Dynamic modulus, C vs. S, and DR predictive envelope for Mixture D based on the 

different level of predictions: a) 90%, and b) 99.99%  
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(b) 
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Figure A. 5. Dynamic modulus, C vs. S, and DR predictive envelope for Mixture E based on the 

different level of predictions: a) 50%, b) 98%, and c) 99.99%  

  

(a) 

(b) 

(c) 
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%Damage Predictive Envelopes for Mixture A Under Different Structures 

 
Figure A. 6. %Damage vs. time using Structure #1 

 

 
Figure A. 7. %Damage vs. time using Structure #2 
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Figure A. 8. %Damage vs. time using Structure #3 

 

 
Figure A. 9. %Damage vs. time using Structure #4 
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Figure A. 10. %Damage vs. time using Structure #5 

 

 
Figure A. 11. %Damage vs. time using Structure #6 
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Figure A. 12. %Damage vs. time using Structure #7 

 

 
Figure A. 13. %Damage vs. time using Structure #8 
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Figure A. 14. %Damage vs. time using Structure #9 

 

 
Figure A. 15. %Damage vs. time using Structure #10 
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Figure A. 16. %Damage vs. time using Structure #11 

 
Figure A. 17. %Damage vs. time using Structure #12 
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Figure A. 18. %Damage vs. time using Structure #13 

 
Figure A. 19. %Damage vs. time using Structure #14 
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APPENDIX B. MCMC SIMULATION FO R PERMANENT DEFORMATIO N SHIFT 

MODEL  

SSR Test Data and Predictive Envelopes for Different Mixtures 

 
Figure B. 1. Viscoplastic strain versus number of cycles from the SSR test results for Mixture A 

 
 

Figure B. 2. 95% Prediction intervals for Mixture A using: (a) unconstrained MCMC, and (b) 

constrained MCMC 

  

(a) 
(b) 
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Figure B. 3. Viscoplastic strain versus number of cycles from the SSR test results for Mixture B 

  

Figure B. 4. 95% Prediction intervals for Mixture B using: (a) unconstrained MCMC, and (b) 

constrained MCMC 
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Figure B. 5. Viscoplastic strain versus number of cycles from the SSR test results for Mixture C 

 
 

Figure B. 6. 95% Prediction intervals for Mixture C using: (a) unconstrained MCMC, and (b) 

constrained MCMC 

  

(a) 
(b) 


