
 

 

ABSTRACT 

DO CANTO PIVETTA, FELIPE. Development of Software Programs for Performance Related 

Specifications of Asphalt Concrete Pavements. (Under the direction of Dr. Y. Richard Kim). 

The adoption of specifications by State-Highway Agencies (SHA) has been a common 

strategy adopted throughout the years, with the objective of ensuring the quality of the final 

products, in pavement construction. Performance Related Specifications (PRS) are one possible 

type of specifications used in Quality Assurance (QA) for hot-mix asphalt (HMA) pavements, in 

which key acceptance quality characteristics (AQC) amenable to timely measurement during 

construction can be tied to pavement performance and thus, to payment adjustments based on the 

expected quality. However, even though PRS is not a new concept, current practice shows that 

its implementation is not yet a reality, despite numerous efforts. 

The quality of models used in PRS is a critical part in the prediction of performance, 

where the use of fundamental, mechanistically sound models tends to generate the most reliable 

results but are commonly counterbalanced with more sophisticated testing schemes. Finding the 

balance between model accuracy and timely acceptance is no trivial task and has pushed back the 

implementation of performance specifications in the paving industry. 

Despite the challenges, high-level modeling becomes a simplified task with the use of 

FlexMAT™ and the Asphalt Material Performance Tester (AMPT) procedures, results of years 

of contract efforts from the Federal Highway Administration (FHWA) and the research team of 

North Carolina State University. The models calibrated with FlexMAT™ can be used for 

pavement simulation with FlexPAVE™ generating accurate results under any traffic and climate 

conditions. It is this work’s objective to develop the initial version of PASSFlex™: a software 

capable of combining robust mechanistic modeling and reliable pavement simulation in a PRS 

framework, generating rational, justifiable pay adjustments based on current practice AQCs. 

In this initial version, PASSFlex™ receives a fully operational Excel based graphical user 

interface (GUI), with four main functionalities: (1) development of a database of AMPT tested 

volumetric conditions for calibration of Index-Volumetric Relationships (IVR); (2) generation of 

pay-tables based on the calibration of IVRs; (3) mix approval based on AMPT performance 

testing and calculated indices; and (4) pay adjustment calculation based on typical volumetric 

AQCs. A few shortcomings were found during this version’s development, preventing it from 

being ready for practical application. Nonetheless, these “under-development” parts were 

replaced by placeholder functions, invalidating the results but giving PASSFlex™ form and 

making it ready for demonstration and feedback gathering from agencies and contractors while 

the missing parts are under development. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Asphalt Concrete (AC), as one of the main materials used in the construction of 

roadways, is inarguably a key element in the economic aspects of a project and on pavement 

quality. Its importance is matched by the complexity of the processes that are a part of flexible 

pavements’ applications, ranging from the understanding of fundamental properties of the 

materials that constitutes an asphalt mix, to the interactions that occur when the material is under 

service loads. Substantial research efforts have been put on finding adequate models to describe 

the interactions between material, field conditions and performance. Finding an adequate balance 

between pavement design, construction, maintenance/management and the economic aspects has 

been proved a challenging task where the responsibilities for the pavement performance shift 

from contractor to agency. 

Throughout the years different specifications were developed in attempts to ensure 

satisfactory levels of serviceability of pavements. One group of specifications that emerged in 

that process are the so-called “performance specifications”, which encompasses specifications 

that try to describe the expected pavement performance with time, given specific project 

characteristics. Of course, the final quality of a pavement depends not only on material selection 

and pavement structure but also on the systematic processes that take place during construction, 

e.g., mix production and field placement.  

The acceptance of a given AC lot and the control of the construction quality of a 

pavement can be made by means of different properties, but to do that on a timely and accurate 

manner is another of the challenges existing in quality assurance (QA). Measuring fundamental 

engineering properties of AC would be, rigorously, the “purest” way to characterize the material 

and, even though may be an effective approach during the mixture design stage, these 

measurements can be time-consuming and inadequate for quality control during construction 

where the quality of the produced mix needs to be assessed in a much quicker manner, so that 

corrections can be made for the coming construction quantities.  Volumetric characteristics, such 

as asphalt content, gradation and in-situ density are traditionally used as acceptance quality 

characteristics (AQCs) being, through different relationships, related to pavement performance 

by a combination of experience, instinct and/or engineering judgement, and can be characterized 

in a much faster way than fundamental engineering properties like, for example, Dynamic 

Modulus.  

Correlating volumetric AQCs to performance using predictive models is a part of the 

process used in performance-related specifications (PRS). PRS is not a new concept in pavement 

management and, during the past few decades, a considerable effort to improve and implement 

an effective framework has been made by researchers and government agencies. One possible 

example includes the usage of the results from the WesTrack experiment in NCHRP 09-22 to 

develop the Quality Related Specification Software (QRSS), a tool that combined historical QA 
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data with the mechanistic-empirical approach of the Mechanistic-Empirical Pavement Design 

Guide (MEPDG) to develop a probabilistic life prediction of the pavement by means of the main 

distresses in pavement: bottom-up fatigue cracking, AC rutting, thermal cracking and riding 

quality. Accessing the as-designed vs as-built performance of a pavement through comparison of 

life predictions, creates the rational for a system of pay adjustments where the contractor can 

receive incentives (or disincentives) for better-than-expected (or worse-than-expected) 

pavements following a cost model pre-stablished by the agency. 

In a PRS, the AQCs are used to predict the performance of the pavement. However, tying 

(1) pavement performance prediction to (2) robust mechanistic modeling, to (3) balanced 

payment adjustments is not a simple task. There arises the need for a tool capable of using state-

of-the-art testing to calibrate sound predictive models and apply these models to proven 

relationships, creating pay tables and payment adjustment factors, given the various AQCs 

levels.  

North Carolina State University (NCSU), with FHWA’s support, developed FlexMAT™, 

a software capable of quickly calibrating mechanistic models to dynamic modulus, fatigue 

damage, rutting, aging and thermal effects. This is achieved by testing asphalt samples on an 

Asphalt Material Performance Tester (AMPT). FlexMAT™’s benefits include direct 

compatibility with outputs of AMPT making it a simple task to calibrate sophisticated models; 

generation of index values (for fatigue cracking and rutting) that give an immediate estimate of 

the mix quality; and Microsoft Excel interface. Once these models are calibrated, they can be 

used in another software developed alongside FlexMAT™, FlexPAVE™, which uses finite 

element simulation to predict structural behavior of pavements under various traffic and climate 

conditions, generating damage and rutting evolution over time.  

One of the missing parts, and subject of this thesis, is a software capable of stablishing a 

solid interaction between elements of a PRS framework, using (1) the state-of-the-art models 

calibrated in FlexMAT™, (2) predictions from FlexPAVE™ and (3) an effective and reliable 

method to convert AQCs into pay adjustments for quality assurance. This program is going to be 

henceforth referred to by the name of “PASSFlex™” and its initial version is a product of this 

work. 

1.2 Objective 

The objective of this research is to enhance and develop software programs that can be 

used to generate pay adjustments in performance-related specifications for quality assurance of 

asphalt pavements. These software programs include PASSFlex™, FlexMAT™, and 

FlexPAVE™. Following tasks were conducted to accomplish the objective: 

• Development of an initial version of PASSFlex™, including fully operational 

graphical user interface (GUI). 

• Presentation of the currently implemented state of FlexMAT™ v2.1. 

• Presentation of the ongoing development of FlexPAVE™ v2.0. 
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• Inclusion of, at least, one pathway alternative to guide the user on the setting up 

of a framework for PRS in a QA system. 

• Integration of FlexMAT™ and PASSFlex™ for material level characterization. 

• Creation of a database management system for adding, removing and editing 

mixtures tested for performance with AMPT. 

• Implementation of a system for generation of pay tables in a user-interactive step-

by-step approach. 

• Implementation of a system for mix approval, based on AMPT performance 

testing and inclusion of a database management system for the submitted mixes. 

• Implementation of a system for pay adjustment calculation based on a developed 

PRS project and measured AQCs. 

• Implementation of PASSFlex™ functionalities in a logical way, striving for 

improved user experience. 

• Identification of missing elements and improvement points in the adopted 

approaches. 

• Preparation of PASSFlex™ for absorbing elements that were not ready to be 

implemented during this initial version’s development. 
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CHAPTER 2: LITERATURE REVIEW 

This chapter presents a literature review of important concepts and works that form the 

basis of knowledge in quality assurance and performance specifications for the work developed. 

2.1 Quality Assurance Concepts 

The definitions presented in this section are important notions for a deeper 

comprehension of the PRS framework in which PASSFlex™ and the remaining parts of this 

work were developed. These concepts are not restricted to pavement management or even civil 

engineering, being used in several different industries, but they permeate most of the steps in this 

work and, thus, their importance should not be neglected. The following descriptions are 

excerpts gathered from the TRB Circular E-C235: Glossary of Transportation Construction 

Quality Assurance Terms (2018) and, although this list is not complete, it gives the fundamentals 

for a PRS overview. A full review of the glossary of terms is outside the scope of this work but 

is, nonetheless, recommended. 

Quality Assurance (QA): “(1) All those planned and systematic actions necessary to 

provide confidence that a product or facility will perform satisfactorily in service; or (2) making 

sure the quality of a product is what it should be. QA addresses the overall process of obtaining 

the quality of a service, product, or facility”. “(…) QA involves continued evaluation of the 

activities of planning, design, development of plans and specifications, advertising and awarding 

of contracts, construction, maintenance, and the interactions of these activities.]”. In this sense, 

QA may very well start at the most basic level, as early as that of material selection, and extend 

to the evaluation of the maintenance program, years after the pavement has been constructed. 

Quality control (QC): “The process specified by the agency for a contractor to monitor, 

assess and adjust their production or placement processes to ensure that the final product will 

meet the specified level of quality. QC includes sampling, testing, inspection, and corrective 

action (where required) to maintain continuous control of a production or placement process”.  

Mixture design: “The process of determining and quantifying the required characteristics 

of a mixture, including developing, evaluating, and testing trial mixtures to verify that the 

required characteristics can be met. (…) for asphalt mixtures, examples are volumetric 

properties, rutting resistance and moisture susceptibility. [The mixture design process leads to 

the development of a job-mix formula to be adhered to on the project.]” 

Performance specifications: “Specifications that describe how the finished product should 

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

specification types including (…) performance-related specifications, performance-based 

specifications, (…) In general, these specification types represent a progression toward increased 

use of higher-level acceptance parameters that are more indicative of how the finished product 

will perform over time. To varying degrees, they attempt to shift more performance risk to the 

contractor in exchange for limiting prescriptive requirements related to selection of materials, 

techniques and procedures.]” 
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Performance-based specifications: “QA specifications that describe the desired levels of 

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

properties) that are predictors of performance and appear in primary prediction relationships (i.e., 

models that can be used to predict pavement stress, distress, or performance from combinations 

of predictors that represent traffic, environmental, roadbed, and structural conditions). [Because 

most fundamental engineering properties associated with pavements are currently not amenable 

to timely acceptance testing, performance-based specifications have not found application in 

transportation construction.]” 

Performance-related specifications “QA specifications that describe the desired levels of 

key material and construction quality characteristics that have been found to correlate with 

fundamental engineering properties that predict performance. These characteristics (for example, 

air voids in asphalt concrete (…)) are amenable to acceptance testing at the time of construction. 

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

characteristics but also employ the quantified relationships containing the characteristics to 

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

acceptance/pay adjustment decisions.]” 

Pay adjustment system: “Also called price adjustment system or adjusted pay system. All 

pay adjustment schedules along with the equation or algorithm that is used to determine the 

overall pay factor for a submitted lot of material or construction. [A pay adjustment system, and 

each pay adjustment schedule, should yield sufficiently large pay increases/decreases to provide 

the contractor sufficient incentive–disincentive for high/low quality.]” 

Incentive–disincentive provision: “A pay adjustment schedule that functions to motivate 

the contractor to provide a high level of quality. [A pay adjustment schedule, even one that 

provides for pay increases, is not necessarily an incentive/disincentive provision, as individual 

pay increases/decreases may not be of sufficient magnitude to motivate the contractor toward 

high quality.]” 

Pay factor: “A multiplication factor, often expressed as a percentage, used to determine 

the contractor’s payment for a unit of work, based on the estimated quality of work.” Pay factors 

are key elements in PRS, used as tools to generate incentive/disincentive to contractors for 

good/poor performance of a pavement. 

Quality characteristic: “That characteristic of a unit or product that is actually measured 

to determine conformance with a given requirement. When the quality characteristic is measured 

for acceptance purposes, it is an acceptance quality characteristic (AQC); when measured for 

Process Control (QC) purposes, it is a process control quality characteristic.” Common AQCs in 

PRS are air-void content, binder content and gradation. These volumetric AQCs are cited for 

their use in PRS, because they are amenable to timely determination during construction and can 

be tied to the performance of the pavement. 
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2.2 WesTrack Project 

The WesTrack project was an experiment performed in a testing facility for accelerated 

field evaluation of HMA pavements and is named after the testing track built for the experiment 

and a very significant efforts in development of a national PRS framework for asphalt concrete 

pavements. The pavement of the test track was completed in 1995, in which a total of 26 mixes 

were tested under realistic pavement simulation.  

Its relevance for PASSFlex™ is given by the main product of the project, HMA Spec and 

by the first of the two main objectives of the project, stated on the final report (NCHRP Report 

455: Recommended Performance-Related Specification for Hot-Mix Asphalt Construction: 

Results of the WesTrack Project): development of a database of AQCs that could be used to 

improve the ongoing PRS efforts at the time, by providing deviations from the as-designed 

values in materials and construction properties. Valuable information was collected at the time, 

counting with the 26 HMA test sections distributed through the two tangents of the track’s oval 

shape (910 m on each tangent), as can be seen in Figure 1. The specific database collected during 

testing is not as important as is the probabilistic approach that was taken and the framework that 

emerged from it, serving as steppingstone, and helping future efforts on PRS improvement. 

The PRS approach of the WesTrack project was summarized in the main product of the 

project: HMA Spec, one of the first software to ever attempted to develop a PRS framework for 

AC pavements. In a sense, PASSFlex™ and HMA Spec are very similar, both designed to link 

performance and AQCs, and to serve as software in application of PRS. 

 

Figure 1: WesTrack test layout. (Source: Epps 2002) 
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In the characteristics of the project, since one of the goals was focused on evaluating the 

effect of variations in materials and construction quality in AC layers’ performance, the structure 

of the different sections was kept constant, using one material for base and one material for 

subgrade throughout the whole length of the track. The AC layer thickness of these courses were 

designed to be constant as well. The loading characteristics (single load, tire pressure and vehicle 

configuration) were also kept the uniform for the duration of the testing campaign so that 

isolation of the HMA layers could be possible. 

As characteristics of the asphalt layers, seven properties were considered for the 

experimental design: 

• Asphalt binder type 

• Aggregate type 

• Aggregate shape and surface texture 

• Aggregate gradation 

• Asphalt binder content 

• Density (or in-place air void content) 

• Layer thickness 

These variables were the foundation for the factorial design and the number of sections 

studied, with focus on variations of (1) aggregate gradation, with three different gradations, 

namely fine, fine-plus and coarse; (2) asphalt binder content, also three different values, namely 

low, medium and high, variating ±0.7% around the optimum content according to the Superpave 

volumetric design process; and (3) in-place air void contents of 4%, 8% and 12%. Details on the 

selection of the factorial design can be found at the literature (Epps 2002). 

 Table 1 provides a review of the expected variability for AQCs made at the beginning of 

the project. These values were collected in the early 90s and used to develop WesTrack’s PRS. 

  



8 

 

 

Table 1: Typical Construction Variability – Standard Deviation (Epps 2002) 

Property 

Typical Variability 

Representative 

Range 

Typical Variability 

Representative Value 

A. Asphalt Content 0.15-0.45 0.3 

B. Sieve Analysis 19-mm (3/4-in) 1.5-4.0 2.7 

12.5-mm (1/2-in) 1.55-4.0 2.7 

9.5-mm (3/8-in) 2.0-4.5 3.3 

4.75-mm (No. 4) 2.5-4.0 3.3 

2.36-mm (No. 8) and 2mm (No. 10) 2.0-3.5 2.8 

1.18-mm (No. 16)     

0.600-mm (No. 30) 1.5-3.5 2 

0.300-mm (No. 50) 1.2-1.9 1.5 

0.150-mm (No. 100) 1.0-1.4 1.1 

0.075-mm (No. 200) 0.5-1.5 0.9 

C. Marshall properties stability 150-400 275 

Flow 1.5-4.0 3 

Air voids 0.3-1.2 0.7 

D. In-place air voids 1.0-2.5 1.5 

 

These variabilities were the basis for the probabilistic approach used in HMA Spec, 

designed to express performance as a function of rutting and fatigue cracking. In a probabilistic 

approach, the models incorporate randomness in their approach with mean and standard 

deviations generating groups (or family) of values that are representative of a property, given a 

certain reliability level. Opposed to that, in the deterministic approach, the models are fully 

determined by their parameters without any influence of random components.  

In HMA Spec, the effect of material and construction variabilities were being, for the first 

time in national scale, included in a PRS framework. To do that, one of the approaches taken 

uses Monte Carlo simulations of performance prediction models, changing the properties of 

interest and keeping other properties constant and, in doing so, evaluating the level of sensitivity 

to each factor.  

The performance models adopted in the PRS framework developed in the WesTrack 

project followed one of two possible alternatives (or levels): (1) based on direct regressions from 

the specific performance measurements (rut depth and fatigue cracking), ESALs and mix 

characteristics; and (2) mechanistic-empirical (M-E) based simulations, using MEPDG, 

assuming that the pavement performs as a multi-layer elastic system. 

Unfortunately, level 2 approach, meant to be one of the strengths of HMA Spec was also 

its demise. The performance models implemented in level 2 analysis, regression models based in 

the results of MEPDG using Monte-Carlo simulations to incorporate the variability of materials 

into the models, took much longer than what was anticipated and what the practice could accept 
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such that a single pavement simulation could take up to a few days to be completed. This long a 

simulation time for a single project was not acceptable and was ultimately one of the main 

reasons for HMA Spec’s low acceptance. 

The following sections of this chapter offer a summary of the performance relationships 

developed/used in the NCHRP 455 project. 

2.2.1 Modulus Determination  

 To calculate stress/strain from any section of the pavement, modulus information was 

required. Since the assumption here was that the pavement behaves as a multi-layer elastic 

system, the selected property to link stresses and strains was the elastic modulus of the layers 

that formed the structure. Two methods were compared to calculate the elastic modulus of the 

AC layer, (1) back calculation using falling weight deflectometer (FWD) measurements from 

field and (2) laboratory-determined stiffnesses of flexural and shear moduli. The compatibility 

was validated and calibrated, according to Figure 2 and the performance implemented follow the 

models given in Equation (1). 

 

0 1 2 3ln( ) aspairStiff a aV a P a T= − − −     (1) 

Where, 

Stiff = mix stiffness (MPa); 

Vair = air void content (%); 

Pasp = asphalt content (%);  

T = temperature (°C); and 

ai = regression coefficients 
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Figure 2: Comparison of laboratory-determined flexural stiffness moduli at 20°C and moduli 

determined from FWD measurements (Epps 2002). 

Figure 3 presents a framework in the form a flowchart that describes the steps used to 

determine elastic moduli using FWD. 

 

Figure 3: Framework for moduli determination (Adapted from Epps 2002) 

2.2.2 Permanent Deformation Determination 

 There are two different methods (levels) of calibration for the coefficients of the 

performance relationship as mentioned earlier in this chapter. However, each level for permanent 

deformation was further subdivided into “a” or “b”, such that for: level 1 (a) a direct regression 
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was performed from the section results and (b) M-E analysis was used to develop regression 

based on rut depth from sections as function of traffic and mix properties; level 2 (a) M-E 

analysis used to develop regression based on material properties and (b) M-E analysis used to 

develop regression based on material properties and laboratory shear test. Regardless of the 

selected level, the format of the permanent deformation regression model follows the same form, 

given by Equation (2). 

 

2 2
5 70 1 2 3 4 200 6 8 1 2 3ln( ) ln( )asp aair air airrd a a P a V a P a V a P a f a ESAL a T b b b= + + + + + + + + + + +  (2) 

Where, 

rd = rut depth, mm or in; 

ESAL = number of 80-kN equivalent single-axle loads; 

P200 = percent aggregate finer than 0.075 mm (No. 200 sieve); 

fa = percent aggregate passing the 2.36 mm (No. 8) sieve and retained on the 0.075 mm 

(No. 200) sieve; 

ai = regression constants; 

b1 = interaction terms among the variable; 

b2 = indicator variables representing the three aggregate gradings used in WesTrack; and 

b3 = indicator variable for aggregate type, replacement sections. 

 

The procedure to determine permanent deformation using M-E analysis is given in Figure 

4 and describes the steps taken in analysis level 2. 

 

Figure 4: Framework for rut-depth determination in analysis level 2  

(Adapted from Epps 2002) 
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2.2.3 Fatigue Cracking Determination 

Direct regression analysis for fatigue cracking using data from field sections were 

calibrated according to Equation (3). 

7
20050 1 2 3 4 6log( ) log( ) log( *) ](%) [ a

asp airESAL E P V PFC a a a a a a a= + + + + + +  (3) 

Where, 

FC (%) = percent of the wheel path area exhibiting fatigue; 

ε = maximum tensile strain in asphalt layer (in./in.); 

E* = asphalt mixture dynamic modulus (psi); and 

ai = regression coefficients. 

 

It should be noted here that this model (level 1) does not include the effect of thickness. 

This is a consequence of the constant structure design selected during conception of WesTrack, 

that did not include AC thickness as parameter of evaluation. Details on the regression model 

development without AC thickness as parameter can be found in the literature (appendix A, Epps 

2002), but its use was not recommended by the authors. 

Level 2 analysis is summarized in Figure 5. 

 

Figure 5: Framework for fatigue performance determination in level 2 analysis 

(Adapted from Epps 2002) 
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2.2.4 HMA Spec Software 

The interaction between the multiple models and components of the PRS for HMA 

framework proposed during the WesTrack project are the defining trait of its approach that may 

be considered a system and, so, HMA Spec becomes the tool responsible for the correct 

association of all the parts in this system. In that sense, HMA Spec was developed not only as 

tool to automate the calculations of the models used, but as a key element in the quality 

assurance steps of a project.  

Its development motivation came from assisting state highway agencies (SHA) in 

determining defensible payment adjustments to contractors’ bid prices and the two functions, 

which can be seen as the most important functions performed by HMA Spec and reinforce this 

notion are: (1) “development of an actual construction specification that can be used by a 

contractor to prepare a bid and, if successful, carry out the work required in a manner that will be 

satisfactory to the client (…)” and (2) “the calculation of the final pay adjustment for any given 

pavement lot constructed along the project.”  

 These functions were implemented by applying the previously described distress 

prediction models into the three major outputs of the PRS system: 

Preconstruction pay factor relationship: this relationship is responsible for providing the 

user with sensibility to which factors will be more important on the performance of a pavement. 

To do that, Monte-Carlo simulations are executed for characterization of the difference between 

expected life of as-designed and as-constructed pavements and, in doing so, providing the user 

with a connection between AQCs and performance/payment. 

Specification: a default guide specification is provided by the software, giving 

instructions on the different steps of a project. Users have the capability of modifying and/or 

replacing parts of the default specification by their own, creating their custom specification 

documents. Figure 6 provides an overview of the default topics in the Guide Specification 

provided by the software. Note that the pay factor relationship generated in output 1 is included 

in this output specification and, so, can be seen as a part of this output as well. 
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Figure 6: Default guide specification sections provided by HMA Spec 

(Source: Epps 2002, appendix C) 

Contractor bonus/penalty: this output is expected to be calculated during and/or after 

construction, in which user is capable of inputting in-place AQC measurements and calculate 

actual expected life, based on these AQCs. This information can be used to adjust the mix 

production and correct unintended pay adjustments on a lot-by-lot basis. This feature includes 

the probabilistic approach of the Monte-Carlo simulations implemented so that variabilities 

measurements and production are included in the adjustments. 

Figure 7 provides an overall framework of HMA Spec. Note that the outputs identified as 

1 and 2 are a part of the “preconstruction” operation mode of the software and output 3 is in the 

“postconstruction”. The relevance of this information lies on the fact that, on the expected 

workflow, several months may have passed between these two modes and the later may have 

multiple iterations, depending on the number of lots to be evaluated. 
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Figure 7: HMA Spec framework  

(Adapted from Epps 2002)  

The critical part of HMA Spec’s implementation was the Monte-Carlo simulations, 

needed for the life cycle cost (LCC) determination. These simulations were based on MEPDG’s 

engine and, even though one simulation did not take too long to be completed, the increased 

number of simulations needed by the Monte-Carlo approach to generate significantly reliable 

results caused the total simulation time to be much longer than what could be accepted in 

practice. This forced HMA Spec to evolve into a different software that could provide another 

approach for the probabilistic solution that was envisioned by the original project, capable of 

including material variability in a more efficient way.  

2.3 Quality Related Specification Software (QRSS) 

 The database of material and construction characteristics collected during construction 

and testing phases of WesTrack was used to develop simple empirical performance relationships 
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that could relate performance to AQCs and served as basis for the prediction models 

implemented in HMA Spec (Moulthrop 2011). However successful these implementations were, 

the software wasn’t well accepted due to its time-consuming routine. An alternative tool (or 

evolution of HMA Spec) had to be developed if a PRS software were to be implemented in 

practice and it was to fill this need that the Quality Related Specification Software (QRSS) came 

to be developed. 

The source of HMA Spec’s slow results lie on the combination of the Monte-Carlo 

simulation needed with the algorithmic simulation steps of MEPDG. To solve this problem, a 

strategy developed at Arizona State University (ASU) was implemented, in which the 

algorithmic approach of MEPDG was replaced by closed form solutions for rutting and fatigue 

distresses. These closed form solutions were developed by performing a comprehensive set of 

factorial runs of MEPDG. Details on the development of the closed form solutions can be found 

in the literature (El-Badawy 2009; El-Basyouny 2010; El-Basyouny 2014) but are outside the 

scope of this review. 

Replacing the MEPDG engine routine for closed form solutions made the distress 

prediction for fatigue cracking and rutting much faster, and the Monte-Carlo simulation for the 

probabilistic distress prediction amenable to timely execution. Thermal Cracking, however, did 

not have a successful implementation of a closed form solution and had to be handled with an 

algorithm (a program called “tcnew.exe” developed by Jacob Uzan for the NCHRP 9-22 project, 

Jeong et al. 2010). To avoid incurring at the same time-related issue from HMA Spec, the 

method used for the probabilistic evaluation of thermal cracking was the Rosenblueth point 

estimate method, replacing the Monte-Carlo simulation technique for thermal cracking. 

2.3.1 QRSS Implementation 

There are two analysis modes for using QRSS, (1) mix design mode, which is used for 

mix design and checks if a selected mix design’s expected performance is within the allowable 

range of each of the three available distress calculations (rutting, fatigue cracking and thermal 

cracking); and (2) pay performance mode, which uses the probabilistic distress prediction for the 

as-design mixture and as-built mixture, to calculate the expected life of the pavement and 

generate final incentives/disincentives to the contractors, based on pay factors for the given as-

built properties.  

Figure 8 presents a summary flowchart of the mix design mode approach. This mode of 

operation predicts the as-design or, with the notation used by QRSS, Job Mix Formula (JMF) 

characteristics of the mix, which, combined with project specific characteristics can be used to 

estimate a probabilistic distress (or life) prediction of the given structure. By inputting distress 

restrictions to the project, a “pass or fail” output is generated for the given JMF.  
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Figure 8: QRSS Mix design mode’s flowchart. 

Note that the engineering properties used in the probabilistic simulations are given by use 

of the Witczak Predictive Equation (WPE), given by Equation (4), which converts volumetric 

characteristics into dynamic modulus, used in rutting and fatigue cracking predictions and can be 

converted into creep compliance, used for thermal cracking predictions. These volumetric 

parameters used in WPE are commonly used AQCs for AC construction, which makes this 

equation very attractive to SHA and constructors, decreasing the need for modifications in actual 

practice. 
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Where, 

E* = asphalt mixture dynamic modulus; 

η = bitumen viscosity; 

f = loading frequency;  

Va = air voids in the mixture, by volume; 

Vbeff = effective bitumen content, by volume; 

p34 = cumulative % retained in the ¾ inch sieve; 

p38 = cumulative % retained in the ⅜ inch sieve; 

p4 = cumulative % retained in the No. 4 sieve; 

p200 = cumulative % retained in the No. 200 sieve; and 

ai, bi = calibration constants. 

 

Another important model used in QRSS distress prediction is the concept of effective 

temperature (Teff). Teff combines climatic characteristics, loading frequency and structure of a 
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given project into a critical value of temperature that can be used to predict the dynamic modulus 

in these conditions. The format and variables used in Teff model are given in Equations (5) and 

(6), for fatigue cracking and rutting, respectively. 

 

5 71 2 3 4 6 8ln( )effT a a f a z a MAAT a MMAT a Wind a Sunshine a Rain= + + + + + + +   (5) 

0.5
5 71 2 3 4 6( )effT a a f a MAAT a MMAT a Wind a Sunshine a Rain= + + + + + +   (6) 

Where, 

Teff = asphalt mixture dynamic modulus; 

z = critical depth; 

f = loading frequency; 

MAAT = mean annual air temperature; 

σMMAT = standard deviation of the mean monthly air temperature; 

Wind = mean annual wind speed. 

Sunshine = mean annual percentage sunshine; 

Rain = annual cumulative rainfall depth; and 

ai, bi = calibration constants. 

 

It should be reinforced that the calibration constants for calculating the effective 

temperature for fatigue cracking and for rutting are different and, thus, the values for Teff are also 

different for the two distresses given the same conditions. 

Figure 9 presents a simplified flowchart of the QRSS analysis for the pay performance 

mode. This mode applies a similar framework to the one used in the mix design mode, where the 

distresses are calculated using WPE equation including historical information for the 

probabilistic analysis.  

 



19 

 

 

 

Figure 9: QRSS pay performance mode’s flowchart. 

The distress prediction is based on measured AQCs of a given lot, and the main goal of 

the analysis at this point is to calculate incentive or disincentive amounts for the lot, given the 

similarity (or difference) between as-design and as-built mixture. The comparison between 

performances is made by calculating the life of the pavement for each distress, using the models 

given by Equation (7) for rutting and Equation (8) for fatigue cracking. 
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Where, 

Y = predicted service life; 

YC = design life; 

RUT = rut depth; 

RUTc = rut depth criterion value, deterministically predicted; 

Nf = allowable failure traffic repetitions; 

Nfc = criterion value for failure traffic repetitions; 

E*= dynamic modulus; 

E*c = dynamic modulus criterion value; and 
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r = growth rate (rate of traffic increase per year). 

2.3.2 Pay-Performance Calculation 

The probabilistic approach provides, ultimately, mean and variance for life predictions of 

each distress. As-design and as-built cumulative frequency distribution are then generated given 

a certain distribution type which, for QRSS, is assumed as normal distribution for rutting distress 

and beta distribution for fatigue and thermal cracking distresses. A variable called “predicted life 

difference” (PLD) is then introduced as an index to evaluate the quality of a lot, for each distress, 

calculated taking each distress’ cumulative frequency distribution and comparing as-design to as-

built predictions. Figure 10 presents an illustrative example of PLD evaluation, comparing good, 

bad and design mix. 

 

Figure 10: Predicted life difference evaluation on cumulative frequency distribution plot.  

(Adapted from Moulthrop 2011) 

Once the PLD for a certain lot is calculated, this information is combined to a cost model 

(normally agency specific) to generate a lot’s final pay factor (PF). A cost model is a real 

function that relates PLD to an incentive/disincentive factor (I/D), like the example on Figure 11. 

Note that lower PLD values produce decreasing factors, down to a point where the factor 

becomes 0% which would indicate that the pavements with life predictions bellow that threshold 

would have such a low life that a reconstruction would be necessary to generate any payment. 

An upper limit is also a common practice, so that increasing quality would be incentivized up to 

a certain payment range. 
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Figure 11: Cost model example, according to typical values given in Moulthrop (2011). 

To calculate the final payment for a given project, the I/D factor of each distress for each 

lot is combined with the tonnage of the lot and a local calibration factor (β) given for each 

distress that weights the importance given for each distress. The model used in QRSS follows 

Equation (9).  
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 (9) 

Where, 

CI/D = Final Incentive/Disincentive cost for a given project; 

βr, βf and βtf = regional calibration factors for rutting, fatigue cracking and thermal 

cracking; 

Pr,s, Pr,m and Pr,b = rutting contribution factor for surface, middle and bottom layers; 

k, l and m = lot number for surface, middle and bottom layer 

nk, nl and nm = tonnage of each lot; 

Nt(AC,s), Nt(AC,m) and Nt(AC,b), = total tonnage for surface, middle and bottom layers; 
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(I/D)r, (I/D)f and (I/D)tf = incentive/disincentive factor (%) of each distress, for each lot; 

and 

CAC,s, CAC,m and CAC,b = construction cost for surface, middle and bottom layers 

 

QRSS also applies a cost modification for international roughness index (IRI), but its 

implementation will be left outside of this revision, because IRI is not a part of the current 

PASSFlex™-PRS framework. 

2.3.3 QRSS Validation 

QRSS is the product of the NCHRP 9-22 project and an evolution of the HMA Spec 

software. One of the main attractions of QRSS (other than reducing the time-consumption issue 

of HMA Spec) is its input format which, similarly to level 3 of MEPDG, makes use of 

volumetric properties as inputs to assess mix quality, pavement performance and generate, 

ultimately, pay adjustments based on these predictions.  

The need for validation of this methodology is, of course, great as is the reward from 

generating an effective tool to implement PRS in a practical way. To do that, three different 

environmental regions of the US were selected in a wide enough range to include field data 

subjected to the main distresses evaluated in QRSS (AC rutting, fatigue cracking and thermal 

cracking). The field data is then tested using SPT protocol for dynamic modulus and creep 

compliance and the results compared to those of QRSS. 

The topics evaluated and their conclusions: 

• Dynamic modulus: using data from the three regions, QRSS approach (which uses 

Witczak’s Predictive Equation) showed very good results and deemed equivalent 

to SPT measurements. The only restriction made was to its use on mixtures with 

highly modified asphalt binder, where QRSS’ approach is not recommended. 

• AC rutting: QRSS approach showed differences to field data, caused by 

simplifications adopted to reduce simulation time. These differences became 

larger with increasing AC layers and indicated the need for modifications in 

QRSS’s engine to fix them. 

• Fatigue cracking: the results were found to be in very good agreement with the 

SPT-based E* testing methodology for the three regions and, therefore, validated. 

• Thermal cracking: because only one of the selected regions could be used for 

validation of thermal cracking, QRSS’ approach was inconclusive or limitedly 

validated, since the field data and prediction didn’t show any thermal cracking 

distress. 

• Predicted life difference and payment system: the results comparison between the 

volumetric prediction approach of QRSS and the SPT-E* measurements showed 

very good agreement, for PLD and, consequently, for the calculated 

incentives/disincentives for the various lots tested. 
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It is important to remember that, even though validated, QRSS’ approach approximates 

the predictions from MEPDG and, in doing so, is subjected to the same shortcomings present in 

MEPDG’s engine. Said that, the effort to build a tool capable of substantiate a PRS framework is 

an important step towards developing more economical and fundamentally sound pavements and 

QA systems. 

2.4 PRS for HMA Efforts Outside the United States 

Because of the appealing nature of PRS, it is only natural that, like the US, other 

countries have interest in applying it for asphalt pavement construction. Over the past few 

decades, European countries have been putting efforts into including PRS into their pavement 

construction systems and countries like Austria, for example, have successful examples of 

adoption in the projects from the International Airport of Vienna and the River Danube Port 

Authority.  

Austria is, in fact, one of the leading countries in PRS in Europe, in which its relatively 

small size simplifies the implementation process when compared to other larger European 

countries. In Austria, the specification type is determined by the road authority between PRS and 

traditional Austrian specification before the invitations to bid for the projects. In traditional 

specification, contractors have specific restrictions on design elements like gradation, binder 

selection and aggregate restricting the possible solutions the contractors may create. 

Eberhardsteiner and Blab (2019) criticize this traditional mix designs used in Austria, where the 

process is dependent of a catalogue of standard constructions with seven load classes and eight 

pavement types to select among, identifying the improved economic aspects of adopting 

performance related designs and proposing a mechanistic-empiric method to be released as 

Austrian standard.  

Typical European performance evaluation of asphalt mixes use European standards for 

the evaluation of: (1) fatigue cracking properties, using the four-point bending fatigue test (EN 

12697-24); (2) permanent deformation properties, through triaxial cyclic compression test (EN 

12697-25); and (3) thermal cracking properties, using the Thermal Stress Restrained Specimen 

Test (TSRST) (EN 12697-46). These methods are applied in the mix design and mix approval 

stages, where test limits and tolerances are defined by the agency. 

During the construction process, elements like asphalt layer thickness, density 

(compaction level) and skid resistance are subjected to the specification for testing and 

acceptable limits verification of the acceptance procedure. In certain cases, in which the limits 

for specific AQCs are not achieved, the material may be subjected to a “worst-case scenario” 

performance testing, in which the material can still be considered acceptable if the performance 

is within the defined limits. 

Australia and New Zealand can also be cited as examples of countries to incorporate 

performance into specifications for asphalt pavements. Figure 12 presents a flowchart extracted 

from Rebbechi et al. (2014), describing the sequence of steps that incorporate performance into 

mix design in Level 2, after Level 1 (volumetric mix design) is complete. Notice that 
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incorporating performance testing into the mix design procedure is not enough to characterize a 

PRS. True PRS should include a methodology to predict performance from AQC and apply the 

performance evaluation into the QA process. 

One of the goals of the Austroads’ Guide to Pavement technology was to present a 

uniformized method to be nation-widely applied in Australia and New Zealand. Agreement 

among certain performance-related testing has been achieved but, as in opposition to the Austria 

case mentioned, the large territorial and the greater number of laboratories involved was a 

hinderance to the success of this implementation. A document that could harmonize the large 

number of entities and labs involved would require greater details and restrictions in the 

specification of procedures, but its penetration would be reduced, by reasons like the costs 

involved in acquiring the required equipment and training of personnel required for repeatability 

and reproducibility. 

 

 

Figure 12: Austroads mix design procedure 

(Source: adapted from Rebbechi et al. 2014)  
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CHAPTER 3: PASSFlex™ System 

This chapter will present the underlying concepts and models used as basis for the 

performance prediction approaches used in the tools necessary for operation of PASSFlex™. 

There are three software components to it: 

FlexMAT™: is the material level evaluation software used in this framework to 

characterize the models that describe asphalt concrete’s behavior. FlexMAT™ v2.1 is the current 

version, used in the development of this work. In this version of it, Dynamic Modulus, Fatigue 

Cracking, Aging, Thermal Contraction and Rutting models are calibrated using up to date 

approaches.   

FlexPAVE™: is one software component from the proposed framework that uses three-

dimensional finite elements method to simulate pavement performance. Formerly known as 

LVECD, FlexPAVE™ combines the models calibrated in FlexMAT™ to Enhanced Integrated 

Climatic Model (EICM) climatic characteristics to perform moving load simulations and predict 

pavement life. 

PASSFlex™: is the software that combines the two previous mentioned tools into a PRS 

framework intended to support the user (e.g., agencies, contractors, researchers) in the different 

steps of a PRS-based project. PASSFlex™ was designed to offer the user five main tools: (1) 

development of local database of mixtures based on AMPT testing; (2) development of a PRS 

using a choice of protocol; (3) mix approval, based on index or performance; (4) QA evaluation 

by means of measured AQCs and calibrated volumetric relationships; and (5) a toolbox that 

contains FlexMAT™ and FlexPAVE™ in a single environment.  

3.1 Material Testing 

The initial step into the proposed PRS framework will be referred to as “pre-PRS”, and 

so, because it is a lab/analysis intensive stage where the goal is to develop a database of the 

materials that are going to be used in the future PRS project stages. This distinction between pre-

PRS and PRS parts, although theoretical, is made because the development of this database is 

independent of actual project development, may start many years before a project is envisioned 

and may be continuously updated independently of the other steps in PRS, as new mix designs 

are created and tested. It is, however, the starting point, since all the subsequent steps will 

depend on the characterization that occurs at this stage. 

The complete set of material characterization used in PASSFlex™ requires information 

from different properties that, optimally, would come from lab testing specimens but, for some 

cases, may also be obtained in a “higher-level” approach by relationships with other material 

properties, in a similar way to that of level 3 of MEPDG. Table 2 provides a summary of the 

characterization, models and lab effort requirement for the implemented methodology in 

FlexMAT™. 
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Table 2: Summary of Characterizations Needed in the Development of PASSFlex™’ Database. 

Properties 

Characterization 
Model Lab Testing 

Dynamic Modulus 2S2P1D Required 

Fatigue Cracking S-VECD1 Required 

Permanent Deformation Shift Model Required 

Aging PAM2-AMAC3 Multi-level alternative 

Thermal Cracking CTC4 Multi-level alternative 
1 Simplified-Viscoelastic Continuum Damage 
2 Pavement Aging Model 
3 Asphalt Mixture Aging-Cracking 
4 Coefficient of Thermal Contraction 

 

The “basic” or “required” proposed testing system is based on Asphalt Mixture 

Performance Tester (AMPT) machine, a servo-hydraulic closed-loop testing machine designed 

for asphalt mixture materials. AMPT machines are normally less expensive than other generic 

servo-hydraulic testing machines. AMPTs are specifically designed for asphalt materials and 

thus the range of loading and temperatures needed do not have to be as wide as for other 

purposes, reducing the production cost.  

There are, in fact, four main distresses that are being evaluated through the experimental 

steps of pre-PRS. They are (1) fatigue cracking, (2) thermal cracking, (3) aging and (4) rutting. 

The first three distresses have a common fundamental property denominator: dynamic modulus 

and then their own procedures to characterize individual properties, whereas rutting is 

characterized only by its own testing procedure without the need of dynamic modulus’ test 

results. 

Dynamic modulus, cyclic fatigue and permanent deformation (or rutting) testing are 

performed in an AMPT, following specific standards that will be presented in coming sections, 

but it should be noted that because aging and thermal contraction properties do not have 

standardized procedures, a multi-level approach for their characterization is offered and their 

testing methods may not involve AMPT machine but rather other equipment, depending on the 

level selected. For each of the non-standardized characterization procedures (i.e., aging and 

thermal cracking), three levels of analysis were designed so that the models can be calibrated 

according to the amount of lab effort intended.  

A summary for each of the tests is given with corresponding references and specifications 

for a deeper understanding of the methodology and details on the procedures.  

Dynamic modulus: for dynamic modulus testing, two different geometries can be used, 

both cylindrical: large (150 mm height, 100 mm diameter); and small (110 mm height, 38 mm 

diameter). This is an axial compression test, with multiple frequencies tested. The current 

practice normally includes three specimens that, when in the small geometry can be tested within 

8 hours. Because this test requires specimen conditioning to (at least) three different 

temperatures, testing time is increased when using large specimen geometry. AASHTO 
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specifications for dynamic modulus test include T-378 and PP-61, for large specimen geometry; 

and PP-99 and TP-132, for small specimen geometry. The final goal of this test is to characterize 

the dynamic modulus’ master curve 2S2P1D parameters alongside with the time-temperature 

superposition shift-factors and damage evolution rate parameter, alpha.  

Cyclic fatigue: cyclic fatigue test also can be performed in large and small specimen 

geometries, following the same dimensions as the dynamic modulus’ test specimen. This test 

requires a fingerprint dynamic modulus test before actual fatigue loading starts, to capture inter-

specimen variability. Test temperature is determined by the mixture’s PG grade. It should be 

observed that testing temperatures should not go above 21° C to maintain plasticity effects 

negligible. Current practice include testing of three specimens that can, normally, be tested 

within 5 hours (depending on the strain-load selection). Cyclic fatigue test is, as the name 

implies, a cyclic sinusoidal tension-compression test in which the specimen should be glued to 

end plates and on-specimen strain monitored by spring-loaded LVDTs. Testing details can be 

found in AASHTO specifications TP-107 for large specimens; and PP-99 and TP-133 for small 

specimens. The main objective of this test is to characterize the damage characteristic curve (C 

vs S) and the failure criterion (DR). Another available output from it, is the dissipated pseudo 

strain energy (DPSE) characterization.  

Stress sweep rutting (SSR): this test is a cyclic axial compression test under confining 

pressure, in which each cycle is followed by a rest period. In SSR there are two sets of 

temperature tested, high (TH) and low (TL) and three different loading levels (low, medium and 

high). Differently from the previous two tests, this test accepts only the large specimen geometry 

(150 mm height, 100 mm diameter), and the minimum number of test specimens required per 

temperature is two. Also, differently from the previous two tests, no LVDTs are required for this 

test, as deformation is measured by actuator displacement. At the end of the two temperature 

groups testing, the user can calibrate the coefficients of the shift-model of the mixture. AASHTO 

standards for this test is the TP-134.  

Aging: as mentioned previously, aging testing is not a standardized procedure, and the 

proposed framework includes three different alternatives to calibrate the AMAC model, 

depending on how the binder’s |G*| at short-term aged condition is obtained. The input levels 

are: (1) extraction and recovery of loose mixture after aging it at 95°C and subsequent |G*| 

testing of the recovered binder; (2) binder aging in rolling thin film oven (RTFO) and pressure 

aging vessel (PAV) for 40 hours with subsequent |G*| testing of aged binder; and (3) binder PG 

input. Levels 2 and 3 have additional inputs for reclaimed asphalt pavement usage in the tested 

mix. Analysis results include the material properties for calibration of PAM and AMAC model 

(Saleh et al., under review; Saleh et al. 2020; Kim et al. 2021).  

Coefficient of thermal contraction (CTC): CTC characterization framework also includes 

a three-level analysis selection, that follows the same pattern as aging, in which lower levels 

require more lab effort and higher levels require less lab effort to characterize the CTC model. 

The input levels are: (1) actual measurements of the mixture CTC and parameters; (2) 

measurement of the mixture’s binder CTC and usage of other characteristics of the mixture 
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(VMA, Gsb and CTC of the aggregate); and (3) only mixture specific characteristics are used 

(VMA, Gsb, CTC of the aggregate used in the mix and low PG grade of the binder) which means 

that, for this case, no lab measurement is required. For details on CTC characterization, 

Keshavarzi (2019) is recommended. 

Understanding the purpose of each test is fundamental for building a strong database and, 

consequently, reliable components in mix quality assurance. Combining the test characterization 

required for each project’s needs with the available resources for that project is a task with an 

importance not to be neglected. The amount of effort used in the characterization of aging and 

CTC, for example, has a certain flexibility given the multi-level approach available and, 

therefore, projects with restrictions on material testing can opt for higher level analyses, which 

demand less lab work. 

It is well known that certain distresses are more common in certain climatic regions than 

others and, sometimes, the way agencies and/or contractors handle these distresses may “tip the 

scales” towards the opposite direction. One classic example of this scenario is the usage of softer 

mixes in cold regions to prevent fatigue cracking from happening and incurring into prematurely 

increased rut depth.  

Finding the balance between material characteristics and specific project needs is a non-

trivial task that, although not deeply explored in this work, will have certain elements in common 

with the presented framework. When these elements from mix design are combined with the 

methods presented, a powerful tool is generated in which optimum performance can be designed 

through a combination of material selection and volumetric characteristics. 

3.2 Material Analysis with FlexMAT™ 

FlexMAT™’s role in the proposed framework is to simplify the analysis procedure of 

tested mixtures, generating the required coefficients for the mechanistic-empiric simulations that 

may take place in FlexPAVE™ and performance predictions in PASSFlex™. The models 

calibrated in FlexMAT™ have strong mechanistic foundations but may seem complex to users 

that are not accustomed to them, with several coefficients and convoluted equations.  

To ensure a tool that can be used without the need of a deeper theoretical understanding 

of the models used and create a simpler step between lab and simulations, FlexMAT™ is under 

constant development counting with the combined effort of FHWA and NCSU’s team of 

researchers. Current FlexMAT™ version under review for public release, FlexMAT™ 2.1, is the 

basis version used on the development of this work. 

The current section will touch base on the models and concepts used in FlexMAT™, so 

that when they are later mentioned in PASSFlex™’ framework, the user can already be 

familiarized with it. However, understanding the models is not a priority for using FlexMAT™. 

In fact, FlexMAT™ becomes most valuable when the user is not fully versed into the whole 

conceptual modeling “behind the scenes” because, even so, the simple selection of AMPT 

outputs through FlexMAT™ will grant the user the characterization needed for the most basic 

form of mixture evaluation presented in this framework.  
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Nonetheless the current modeling state of FlexMAT™ and important details of its 

operational procedures’ description presented in this section is given so that a greater 

comprehension of the assumptions and possible limitations in the overall material dependency of 

the PRS may be taken. 

FlexMAT™ is a spreadsheet-like program, hosted under Microsoft Excel. Most part of 

the procedures and calculations of FlexMAT™ are made on the background, through VBA 

programming. FlexMAT™’s VBA code is not accessible to the user, to avoid unintended 

modifications that may change something fundamental on the calibrated models. 

There are two different FlexMAT™ programs: (1) FlexMAT™ Cracking, where dynamic 

modulus, fatigue cracking, CTC and aging models are calibrated and the cracking index, 

apparent damage capacity (Sapp), can be calculated; and (2) FlexMAT™ Rutting, where the 

rutting model is calibrated and the permanent deformation index, rutting strain index (RSI), can 

be calculated. Figure 13 presents a schematic interpretation of FlexMAT™ flow.  

 

Figure 13: FlexMAT™ Flow Overview 

It is important to note that even though FlexMAT™ is treated as a single software for 

overall workflow understanding, it is, as a matter of fact, composed by two separate 

spreadsheets. This is a development inheritance caused by the different needs of the two 

spreadsheets. At a certain point, the climatic database needed for RSI calculation was included 

within FlexMAT™ Rutting’s spreadsheet, what would cause it to become a file much larger than 

FlexMAT™ Cracking. During that time, the research team decided it was best to leave 

FlexMAT™ Cracking and FlexMAT™ Rutting as separate files to avoid the hindrances related 

to big file sizes on FlexMAT™ Cracking and isolate them into FlexMAT™ Rutting, since the 
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climatic database was only used in FlexMAT™ Rutting. Details about the current database 

format in FlexMAT™ Rutting will be given in this section when the same is covered. 

In this approach, FlexMAT™ Cracking is responsible for most of the models related to 

material characterization and a simple explanation can be given for that: cyclic fatigue, CTC 

analysis (levels 2 and 3) and aging analysis (all levels) are all based on the dynamic modulus 

characterization. This means that the first model to be characterized in FlexMAT™ Cracking, 

should be the current implemented dynamic modulus model, which, for FlexMAT™ Cracking 

v2.1 is 2S2P1D. The exception to that case is level 1 of CTC analysis, where CTC has been 

measured in the lab and the calibrated coefficients are the actual input and, therefore, the 

calibrated dynamic modulus model is not necessary, as opposed to levels 2 and 3. 

In the following sub-sections, each of the analysis modules of FlexMAT™ is going to be 

summarized with the relevant information pertaining that module. 

3.2.1 Dynamic Modulus 

Dynamic modulus characterization is normally the first analysis to be carried in 

FlexMAT™ Cracking, and the expected inputs are the folders containing the data coming from 

the AMPT’s dynamic modulus test. To start the analysis the user must select the number of 

specimens tested in the lab, in the ‘Input Data’ screen, through a drop-down menu in cell ‘B3’, as 

shown in Figure 14. Clicking the ‘Load and Analyze Dynamic Modulus Data’ will start the 

specimen selection and, once all the specimens have been selected, the analysis will begin 

automatically. 

 

 

Figure 14: FlexMAT™ dynamic modulus input screen. 
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The details on the characterization procedure can be found in the dynamic modulus 

screen, ‘Dynamic Modulus Data’, presented in Figure 15, where the coefficients for the outputs 

are given. There are three main outputs coming from the dynamic modulus analysis: (1) 2S2P1D 

coefficients, given in cells ‘E6’ through ‘E12’; (2) time-temperature superposition shift factors, 

given in cells ‘B4’ through ‘B6’; and (3) damage evolution rate factor, α, in cell ‘B13’. 

 

Figure 15: FlexMAT™ dynamic modulus data screen. 

The 2S2P1D model presented by Olard and Di Benedetto in 2003 is the adopted model 

for dynamic modulus characterization and follows Equations (10) to (15). 
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Where, 

E00 = minimum storage modulus value (kPa); 

E0 = maximum storage modulus value (kPa); 

κ, δ, h, , E = fitting coefficients; and 

f = loading frequency (Hz); and 

E* = dynamic modulus (kPa). 

 

To calibrate the coefficients of the 2S2P1D function, a specific fitting method has been 

developed in order to overcome the initial value dependency reported from Mangiafico et al. 

2019.The following steps are taken to fit 2S2P1D model in FlexMAT™: 

Step 1, Fitting experimental storage modulus data to sigmoidal function: through 

minimization of square logarithmic error between experimental data in the tested reduced 

frequency range and predicted storage modulus using sigmoidal function, the coefficients of 

Equations (16) and (17) are calibrated, in a single solver minimization, using the initial values 

for the fitting coefficients given in Table 3. 

Table 3: Initial Values for Sigmoidal-Experimental Fitting Procedure 

Fitting 

Coefficient 

Initial 

Value 

max(E’) 25.106 

b 4 

d -1.5 

g -0.5 

c1 0.005 

c2 -0.15 
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Where, 

E’ = storage modulus (kPa); 

fR = reduced frequency (Hz); 

max E’, b, d, g = sigmoidal function’s fitting coefficients;  
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c1, c2 = fitting coefficients; 

f = loading frequency (Hz);  

Tref = dynamic modulus’ reference temperature (°C); and 

T = temperature (° C). 

 

Step 2, reduced frequency range selection: this step is currently under revision, but until 

further modifications, the implemented selection of reduced frequency range creates a vector of 

21 values separated in decades from 10-15 to 105. 

Step 3, initial values for 2S2P1D fitting determination: before fitting the actual 

experimental data to the 2S2P1D model, the initial values for the 2S2P1D model are determined 

by matching the 2S2P1D function to the sigmoidal function calibrated in Step 1, at each 

frequency in the vector of frequencies created in Step 2. The initial values required for this error 

minimization are given in Table 4, the coefficients constraints in Table 5. 

Table 4: Initial Values for 2S2P1D-Sigmoidal Fitting 

Fitting 

Coefficient 
Initial Value 

δ 2.5 

κ 0.1 

h 0.5 

ß 1012 

E00 10(b_sigmoidal – 3) 

E0 40000 

log(τE) -3 
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Table 5: 2S2P1D-Sigmoidal Fitting Constraints 

Fitting 

Coefficient 
Constraint 

δ 
0

20




  

κ 

0

1

h







  

h 
0

1




 

ß 1210=  

E00 
_  –  3( )10 b sigmoidal=  

E0 40000=  

log(τE) 
10

10

 −


 

 

Step 4, 2S2P1D coefficients determination: the final step, uses the actual experimental 

data in the reduced frequency obtained during test conditions (same as Step 1), to calculate error 

with 2S2P1D model. The error minimization algorithm uses, for each coefficient, the initial 

values obtained as a result of the fitting procedure in Step 3, with the constraints given in Table 

6. 

Table 6: 2S2P1D-Experimental Fitting Constraints 

Fitting 

Coefficient 
Constraint 

δ 
0

20




  

κ 

0

1

h







  

h 
0

1




 

ß 1210=  

E00 
_  –  3( )10 b sigmoidal=  

E0 40000=  

log(τE) 
10

10

 −
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With that, the dynamic modulus’ Mastercurve is defined, based on the inputted 

experimental data. To calculate the time-temperature shift-factor coefficients in the form of 

Equations (18), (19), (20) and (21) are used with a reference temperature of 21.1° C. 

2
1 2 3

10
a T a T a

Ta
 
 
 

+ +
=    (18) 

1 1a c=      (19) 

2 2 12 refa c c T= −     (20) 

2
3 1 2ref refa c T c T= −     (21) 

Where, 

aT = time-temperature superposition’s shift-factor; 

Tref = dynamic modulus’ reference temperature (°C); 

c1, c2 = fitting coefficients; 

T = temperature (°C); and 

a1, a2, a3 = shift-factor coefficients. 

 

Finally, the damage evolution rate parameter (α) is calculated through Equation (22). 

1
1

m


 
 
 

= +      (22) 

Where, 

α = damage evolution rate parameter; and 

m = maximum slope of the relaxation modulus in log-log scale. 

3.2.2 Cyclic Fatigue 

To characterize fatigue cracking properties in FlexMAT™, cyclic fatigue data from the 

AMPT and dynamic modulus characterization are needed. Once the dynamic modulus analysis is 

complete, the number of cyclic fatigue specimens tested in the lab needs to be provided, in the 

‘Input Data’ screen, cells ‘B4’, as shown in Figure 16. After selecting the number of specimens, 

the analysis procedure will start once the button ‘Load and Analyze Fatigue Data’ is clicked, 

starting the specimen data selection and automatically running the analysis procedure once all 

the specimens have been selected. 
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Figure 16: FlexMAT™ cyclic fatigue input screen. 

The model used for damage characterizations is the simplified viscoelastic continuum 

damage (S-VECD) model. Details about the theoretical background on the S-VECD model are 

outside the scope of this work but the work of Underwood et al. 2012 is recommended for a 

deeper understanding on the model.  

There are four outputs of interest from this analysis: (1) damage characteristic curve 

characterization (C vs S curve); (2) failure criterion (DR); (3) dissipated pseudo strain energy 

characterization; and (4) apparent damage capacity (Sapp). Overall details on the characterizations 

are presented in the ‘Output Fatigue’ screen, shown in Figure 17.  
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Figure 17: FlexMAT™ cyclic fatigue model overview screen. 

The ‘Output Fatigue Screen’ presents three important plots: (1) ‘C versus S’, contains the 

material representative damage characteristic curve, with individual curves and fitted 

representative behavior for the tested material; (2) ‘DPSE vs Reduced Strain Rate’, with the 

dissipated pseudo-strain energy as a function of reduced strain rate, for four conditions of initial 

integrity; and (3) ‘Cumulative (1-C) versus Nf’, with the plot of the failure criterion (DR) points 

for each specimen. These plots and the cyclic fatigue characterization procedure can be 

organized in the following steps: 

Step 1, individual C vs S calculation: in this initial step, each inputted specimen data is 

analyzed independently, and a C vs S curve is calculated for each of the specimens following the 

procedure described in the standard procedures (AASHTO TP 107-18, PP 99-19, and TP 133-

19). This information will be used in the calculations in the following steps. 

Step 2, representative C vs S calculation: to calculate a sample representative C vs S 

curve, a fitting of Equation (23) by using the individual C vs S curves calculated in Step 1 is 

made. 

12
11( ) 1

C
C S C S= −     (23) 

Where, 

C = integrity; 

S = damage; and 

C11, C12 = fitting coefficients. 
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However, depending on individual specimens’ testing characteristics, a different number 

of C(S) points are calculated for each curve. To avoid biasing the representative curve towards 

tests that have more calculated points than others, a filtering process is applied, taking the nearest 

lower calculated C value, each 5000 incremental step in the S parameter. Figure 18 depicts this 

filtering process, designed to even out the weight of each specimen in the final representative C 

vs S curve and in the C11 and C12 coefficients. 

 

 

Figure 18: a) C vs S curve before representative fitting filtering; and 

b) C vs S curve after representative fitting filtering 
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Step 3, DR failure criterion calculation: to calculate DR, the currently implemented failure 

criterion of FlexMAT™, the failure point of the specimen needs to be determined (Wang 2017). 

Current specimen failure definition takes the cycle (Nf) in which the value of the applied peak-to-

peak stress, multiplied by the cycle number, reaches its local maximum. Figure 19 illustrates this 

point. 

 

 

Figure 19: Failure cycle determination 

Once Nf is determined for each specimen, DR is determined by Equation (24) for each 

individual specimen and by Equation (25) as mix representative value (Wang 2017). 
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Where, 

C(N)i = integrity at cycle N for i-th specimen; 

Nf,i = cycle number of failure for i-th specimen; and 

M = number of specimens tested. 
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Step 4, DPSE-reduced strain rate characterization: to calculate DPSE as a function of 

reduced strain rate for a given initial material integrity, a monotonic tensile test is simulated 

using the damage characteristic curve coefficients and a Prony series representation of the 

dynamic modulus for obtaining the relaxation modulus of the mixture. The following steps 

describe this process: 

Step 4.1, determine the reduced strain rate vector in which DPSE values are going to be 

calculated in the simulated strain controlled monotonic test. For FlexMAT™, the reduced strain 

rate vector contains 20 different values, starting at 4.10-6 s-1 and constant increments up to 5.10-3 

s-1. Equation (26) represents the strain input of the simulated monotonic test: 

k =      (26) 

Where, 

ε = input strain; 

k = strain rate (s-1); and 

ξ = reduced time. 

 

Step 4.2, calculate pseudo strain by using Equation (27) and the Prony series for 

relaxation modulus given in Equation (28) 
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Where, 

εR = pseudo-strain; 

ER = reference modulus (kPa); 

ξ = reduced time (s); 

ε = input strain; 

dτ = differential of time (s); 

E(ξ) = relaxation modulus (kPa); 

E∞, Ei = Prony coefficients (kPa); and 

ρi = Prony coefficients (s). 

 

Step 4.3, solve the ordinary differential equation (ODE) in Equation (29) to find damage 

(S) as a function of time for the given condition.  
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Where, 

S = damage; 

ξ = reduced time (s); 

C = material integrity, Equation (23); 

εR = pseudo-strain; and 

α = damage evolution rate parameter Equation (22). 

 

To solve this ODE, an initial value for material integrity is required. Four values are used 

in current version of FlexMAT™ to characterize the DPSE behavior. They are C0 = 0.99,  

C0 = 0.90, C0 = 0.80, and C0 = 0.70. 

 

Step 4.4, determine the point of maximum stress using Equation (30): 

( ) ( ) ( )RC    =     (30) 

Where, 

σ = stress (kPa); 

C = material integrity; and 

εR = pseudo-strain. 

 

Step 4.5, DPSE calculation using Equation (31) for each strain rate defined in Step 4.1 

and for each initial integrity defined in Step 4.3. 

( ) ( )
max 2

0

1RDPSE C d



      
   
   

= −    (31) 

Where, 

DPSE = Dissipated Pseudo-Strain Energy; 

ξmax = reduced time for peak-stress (s); 

εR = pseudo-strain; and 

C = integrity; 

Step 4.6, fit the results of Equation (31) for the same initial integrity into a power-law 

function in the format of Equation (32). 

( )
b

DPSE a k=     (32) 
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Where, 

DPSE = Dissipated Pseudo-Strain Energy; 

a, b = fitting coefficients; and 

k = reduced strain rate (s-1). 

 

Figure 20 presents an illustrative example of typical DPSE characterization results in 

FlexMAT™. 

 

 

Figure 20: Typical DPSE characterization in FlexMAT™ 

Step 5, apparent damage capacity index: apparent damage capacity, or Sapp, is the fatigue 

cracking index, calculated by Equation (33).  
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 =     (33) 

Where, 

Sapp = apparent damage capacity; 
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aT = shift-factor for project location temperature; 

C11, C12 = damage characteristic curve fitting coefficients, Equation (23); 

DR = failure criterion, Equation (25); 

α = damage evolution rate parameter, Equation (22); and 

|E*|LVE = dynamic modulus at target temperature and 10 Hz (kPa). 

Further details on Sapp development and calculation can be found in the literature 

(Etheridge 2019), but it is important to note that Sapp is not a material property but rather an 

index that evaluates the material’s fatigue resistance given a certain climatic condition. To 

calculate Sapp in FlexMAT™ the user needs to input a selection of State/City (US) on cells ‘B12’ 

and ‘B13’ on the screen presented in Figure 17 and, on its background, FlexMAT™ determines 

the target temperature for Sapp calculations. An alternative input method for Sapp’s temperature is 

through the direct climatic PG selection, by selecting the alternative “Other” in the state selection 

field (cell ‘B12’). Sapp temperature is calculated by using Equation (34). 

 

3
2app

H L
S

T T
T

+
= −     (34) 

Where, 

TSapp = Sapp calculation temperature (° C); 

TH = high climatic PG temperature (° C); and 

TL = high climatic PG temperature (° C). 

 

Individual specimen details of the described calculations can be verified in the ‘Fatigue 

Data Validity’ screen, shown in Figure 21. The selection of specimen can be made in cell ‘B1’. 

There are four plots available on this screen: (1) ‘Dynamic Modulus and Failure Definition’, for 

stiffness behavior and failure definition verification; (2) ‘Applied Stress’, for applied stresses 

during the test evolution; (3) ‘Peak to Peak Strain’, for LVDT behavior verification; and (4) ‘C 

vs S’, with the individual damage characteristic curve of the selected specimen. 
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Figure 21: FlexMAT™ cyclic fatigue validity of individual specimens screen. 

After all the calculations are done, a set of data quality indicators (DQI) have been developed for 

assisting users on identifying possible issues with the data. The DQI adopted follow the 

instructions from Bonaquist (2008) on the calculation of: (1) fingerprint’s average load standard 

error; (2) fingerprint’s deformation standard error; (3) fingerprint’s deformation uniformity; (4) 

fingerprint phase uniformity; and (5) cyclic fatigue average deformation standard error. The 

limits adopted for these parameters based on AASHTO T 378-17.  
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Table 7: Data Quality Indicator Validity Range 

Data Quality 

Indicator 
Validity Range 

Load Standard 

Error 
10%   

Deformation 

Standard Error 
10%  

Deformation 

Uniformity 
30%  

Phase Deformity 3   

 

To enable the individual specimen DQI verification screen, the button ‘Show Data 

Quality Indicators’ should be clicked, enabling the ‘Data Quality Indicators’ screen, shown in 

Figure 22. This screen enables the visual verification of the PID tuning quality, plotting the 

measured actuator strain and the command strain as a function of time in the ‘PID Tuning 

Quality’ graph. The selection of specimens can be done by the dropdown list in cell ‘B4’. 

 

 

Figure 22: FlexMAT™ Data Quality Indicator screen. 
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3.2.3 Coefficient of Thermal Contraction 

CTC, as previously mentioned in the section 3.1, is one of the analyses that present a 

hierarchical input selection in multiple level alternatives. The level selection is made in ‘Input 

Data’ screen, using the drop-down selection in cell ‘B20’, as shown in Figure 23.  

 

Figure 23: FlexMAT™ CTC input screen. 

The basic objective of the CTC analysis is to calibrate the CTC model given by Equation 

(35). 
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   (35) 

Where, 

CTC = coefficient of thermal contraction of the mixture (°C-1); 

CTCg = coefficient of thermal contraction of mixture, below glassy temperature (°C-1); 

CTCL = coefficient of thermal contraction of mixture, above glassy temperature (°C-1); 

T = material temperature (°C); 

Tg = glassy temperature (°C); and 

R = regression constant related to volume change near glassy transition temperature. 

 

The three different levels used to calibrate the CTC properties are described in detail in 

the work of Keshavarzi (2019) and are summarized as follows: 

Level 1, assumes direct measurements of the mixture’s CTC and the coefficients are 

obtained by a method of the user’s discretion, outside of FlexMAT™ and, therefore do not 

require any calculation on FlexMAT™. Inputting the calibrated coefficients in level 1, however, 
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will transfer them to the mixture summary tab, being available for further propagation in the 

expected format for the PASSFlex™ system. 

Level 2, estimates the CTC of the mixture by using voids in mineral aggregate (VMA) of 

the mixture, aggregate bulk specific gravity (Gsb), CTC of the mineral aggregate in the mixture 

and thermo-volumetric calibrated model of the binder (CTCg, CTCL, Tg and R of binder used). 

The following steps summarize the procedure 

Step 1, estimate the Prony coefficients of the binder, using the 2S2P1D fitted coefficients 

of the mixture. This model will be used to estimate the relaxation modulus of the binder in the 

step 2. 

Step 2, calculate the CTC of the mixture using Equations (36) through (39). Note that 

relaxation modulus of the aggregate is considered constant with respect to time as a material 

dependent property and, normally, a tabulated value, whereas relaxation modulus for the binder 

is calculated using the Prony coefficients calibrated in step 1. 

 

( )
( )

. . . .

. .

agg agg agg bind bind bind
mix

agg agg bind bind

CTC A E CTC A E t
CTC

A E A E t

+
=

+
   (36) 

2
3

1
100agg

VMA
A

 
 
 
 

= −     (37) 

( )
2.02

5073. sbaggE G=     (38) 

2
3

100bind
VMA

A
 
 
 
 

=     (39) 

Where, 

CTC = coefficient of thermal contraction (°C-1); 

E = relaxation modulus; 

VMA = voids in mineral aggregate; and 

Gsb = bulk specific gravity. 

 

Step 3, fit the CTC model given in Equation (35) to the predicted evolution of the CTC of 

the mixture in Step 2. Figure 24 presents an illustrative example of the simulation described, 

present in the Level 2 analysis of FlexMAT™. 
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Figure 24: Level 2 CTC analysis in FlexMAT™; a) Binder’s CTC behavior; and 

b) Predicted mixture’s CTC behavior estimated from input properties. 

When the analysis is complete the user will be redirected to the ‘CTC Level 2’ screen, in 

which the details of the procedure can be verified, with the graphs shown in Figure 24, with the 

fitted model, using the procedure described. 
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Figure 25: FlexMAT™ CTC Level 2 model overview screen. 

Level 3 has a similar approach to Level 2, to the exception that instead of taking as input 

the measured binder CTC coefficients, these are estimated by the low performance grade (PG) of 

the binder. The inputs for this level are, then, VMA, Gsb, CTC of the aggregate and Low PG of 

the binder. 

The approximation of the CTC behavior of the binder is made by assuming the constants 

given in Table 8.  

Table 8: Constant values for CTC parameters on Level 3 analysis  

CTC Model 

Coefficient 
Estimated Value 

CTCg 0.003 

CTCL 0.006 

R 6 

Tg 
-40°C for low PG = -40 

-25°C for -34 ≤ low PG ≤-22 
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When the analysis is complete, the user is redirected to the ‘CTC Level 3’ screen, in 

which the results of the fitting procedure can be visually verified by the plots there present, show 

in Figure 26, for visual verification of the fitting validity and assumed CTC behavior. 

 

 

Figure 26: FlexMAT™ CTC Level 3 model overview screen. 

3.2.4 Aging 

The aging analysis in FlexMAT™, similarly to the CTC analysis, also presents a 

hierarchical structure of input. There are three input levels for calibrating the aging models, as 

shown in Figure 27. These levels have different experimental procedures and different analysis 

demands, but their final goal is to provide the calibrated coefficients of the Pavement Aging 

Model (PAM) and the Asphalt Mixture Aging-Cracking (AMAC) Model. These models and 

procedures are a product of FHWA’s NCHRP 9-54 (under development) and for an in-depth 

comprehension of it, the report should be consulted. 
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Figure 27: FlexMAT™ Aging input screen. 

Ultimately, the aging analysis calibration goal is to output three parameters: (1) the Aging 

Susceptibility Parameter (M); (2) binder’s log(|G*|) at short-term aging (STA) condition, at 

64°C, tested at 10 rad/s; and (3) the Time Aging Parameter (c). Each level uses different 

approaches to determine these three parameters. 

Level 1 is the most accurate method for determining the aging analysis output, but it’s 

also the most intensive in terms of laboratory work. The background calculation in FlexMAT™ 

is based on the following steps: 

Step 1: calculate the time-temperature superposition shift-factors for a reference 

temperature of 64°C. For this step, the same procedure described in section 3.2.1 is used, in 

which a combination of the sigmoidal function and the shifting of the reduced frequencies is 

used in the fitting procedure (see Equation (16) and Equation (17)). 

Step 2: with the shift factor function calibrated, the time aging parameter (c) is calculated 

as the slope of the linear regression through the origin of the logarithmic value of the shift factor 

at the tested temperatures and the logarithmic difference between measured |G*| and |G*| at the 

reference temperature (64°C). Figure 28 illustrates this step. 
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Figure 28: Time aging parameter determination example. 

Step 3: in this step the aging susceptibility parameter is fitted, using the experimental data 

of the tested binder in, at least, three different days. The model calibrated for finding M is given 

in Equation (40) and is called the Kinetics Model. 
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Where, 

|G*|t = aged dynamic shear modulus at time t (kPa); 

|G*|0 = dynamic shear modulus at STA condition (kPa); 

M = aging susceptibility parameter; 

t = time (days); and 

T = temperature (K). 

 

Figure 29 presents an illustrative example of the fitting of M. 
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Figure 29: Aging susceptibility parameter fit in level 1. 

Once the analysis procedure is complete, the active screen is redirected to the ‘Aging 

Level 1’, shown in Figure 30, in which the details of the characterization procedure described 

can be verified. 

 

 

Figure 30: FlexMAT™ Aging Level 1 model overview screen. 

Level 2 is a balanced approach in terms of performance accuracy and lab effort, using 

RTFO and 40 hours (double) PAV aging of the binder before modulus testing of the mixture’s 

virgin binder. This level requires an additional step if the mixture contains any content of 

reclaimed asphalt pavement. The steps in this level’s characterization are: 
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Step 1: same as step 1 of level 1, the calibration of the shift-factors for a reference 

temperature of 64°C is made. 

Step 2: same as step 2 of level 1, calculation of c by fitting a linear curve to the shift-

factor behavior as a function of the binder’s shear modulus difference with the reference 

temperature of 64°C. If the mixture contains any amount of RAP, however, c is no longer a fitted 

parameter and is considered a constant with the value of 1.710. 

Step 3: similarly to step 3 of level 1, this step uses STA (0 days), PAV (2 days) and 

double PAV (6 days) aging of the binder for fitting M. The prediction of aging duration longer 

than double PAV’s are given using Equation (43). The prediction of modulus for the fitting 

procedure is made for 10, 14 and 18 days, beyond the actual measured points, as shown in Figure 

31.  

( )
6

2
log * log * 1.0264

t

t PAV
G G

−   
   

   
=    (43) 

Where, 

|G*|t = aged dynamic shear modulus at time t (kPa); 

|G*|2xPAV = aged dynamic shear modulus after double PAV procedure (kPa); and 

t = time (days), for t > 6 days. 

 

 

Figure 31: Aging susceptibility parameter fit in level 2. 

Figure 32 presents the ‘Aging Level 2’ screen with the aging analysis of level 2 without 

any RAP content and with the calibrated models. 



55 

 

 

 

Figure 32: FlexMAT™ Aging Level 2 (no RAP) model overview screen. 

This step requires an adjustment for mixes with RAP, in which the described procedure 

up to this point is used in calibrating the M parameter for the virgin binder, used for the 

adjustments in the RAP portions, given in Equations (44) through (47). When the analysis with 

any RAP content is complete, the ‘Aging Level 2 (with RAP)’ screen is activated, as shown in 

Figure 33.  
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Where, 

|G*|STA,RAP = aged dynamic shear modulus of the RAP binder at STA condition (kPa); 

|G*|STA,bind = aged dynamic shear modulus of the virgin binder at STA condition (kPa); 

|G*|STA,mix = aged dynamic shear modulus of the mix’s binder at STA condition (kPa); 

HPGRAP = RAP binder high performance grade; 

MRAP = aging susceptibility parameter of RAP binder; 

Mbind = aging susceptibility parameter of virgin binder; 
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Mmix = aging susceptibility parameter of the mix’s binder; and 

RBR = reclaimed binder ratio. 

 

 

Figure 33: FlexMAT™ Aging Level 2 (with RAP) model overview screen. 

Level 3 is the simplest level of the aging framework in FlexMAT™, not requiring any 

laboratory effort. Of course, the accuracy of this method is restricted but it may become an 

attractive approach for agencies or contractors that don’t have resources for an accurate aging 

behavior prediction and the lab characterization associated. The following steps are taken in this 

approach: 

Step 1: the time aging parameter, c, is assumed constant, regardless of the RAP presence 

in the mixture. 

Step 2: the aging susceptibility parameter, M, of the mixture is calculated using 

previously defined Equation (47), where the MRAP is calculated using Equation (45) and Mbind, 

Equation (48): 
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Where, 

HPGbind = virgin binder high performance grade; and 

Mbind = aging susceptibility parameter of virgin binder; 

 

Step 3: calculate the dynamic shear modulus of the mixture’s binder at STA condition, 

using previously defined Equation (46), where the dynamic shear modulus of the RAP’s binder 

can be obtained through Equation (44) and the virgin binder’s dynamic shear modulus at STA 

condition through Equation (49): 

( ),

0.0514log * 0.0217 bind

STA bind

HPGG e
 
 
 

=    (49) 

Where, 

|G*|STA,bind = aged dynamic shear modulus of the virgin binder at STA condition (kPa); 

and 

HPGbind = virgin binder high performance grade. 

 

Notice that, without RAP in the mixture, the reclaimed binder content is equal to zero, 

and the prediction for the mix characteristics becomes the virgin binder’s prediction. 

3.2.5 Permanent Deformation 

To initialize FlexMAT™ analysis of permanent deformation, the user needs to select the 

number of specimens tested on each temperature. This selection is made by choosing one of the 

available numbers from the drop-down list on cells ‘B3’ and ‘B4’ of the ‘Input Data’ screen, as 

shown in Figure 34. After the definition of the number of specimens, the next step is selecting 

the overarching folder in which the data files have been stored, by clicking the ‘Load High 

Temperature Data’ button for high temperature tested specimens and the ‘Load Low 

Temperature Data’ button for low temperature tested specimens. These buttons become available 

when the number of specimens is selected.  
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Figure 34: FlexMAT™ stress sweep rutting input screen. 

The order of selection of files is not relevant to the results but, the analysis procedure will 

only initialize after the selection of both temperature levels are made. There are two graphs 

presented in the ‘Input Data’: (1) ‘Permanent Strain, High Temperature’, which shows the 

vertical permanent strain accumulation during the cycle evolution of the SSR test for the high 

temperature (TH) test; and (2) ‘Permanent Strain, Low Temperature’, which shows the vertical 

permanent strain accumulation during the cycle evolution of the SSR test for the low temperature 

(TL) test. These graphs are updated once the data is inputted into FlexMAT™ with individual 

specimen information. 

Selecting data for either of the temperatures also updates the information in ‘Table 1. 

Test Temperature’ for the corresponding temperature data added with the individual specimen 

test temperature and given specimen identification (if present) during testing.  

The permanent deformation model used for rutting characterization is called Shift-Model, 

presented by Kim and Kim (2017). It uses a combination of two test temperatures (high and low) 

and three loading levels (high, intermediate and low) to predict the material behavior under 

varying conditions of stress, loading time and temperature. The shift model characterized in 

FlexMAT™ is given by Equations (50) through (55). Even though the number of parameters in 
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these equations is greater, 8 coefficients – ε0, N1, ß, p1, p2, d1, d2 and Tref – are sufficient for the 

shift-model characterization, and these are the coefficient outputs from FlexMAT™ Rutting. 
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Where, 

εvp = permanent strain; 

ε0, N1, ß = coefficients of the incremental model; 

Nred = reduced number of cycles at reference loading conditions; 

N = physical number of cycles of a certain loading condition; 

aξp = reduced load time shift factor; 

p1, p2 = coefficients of reduced load time shift factor; 

ξp = reduced load time; 

aσv = vertical stress shift factor; 

d1, d2 = coefficients of vertical stress shift factor; 

σv = vertical stress (kPa); 

Pa = atmospheric pressure to normalize stress (kPa); and 

T = temperature (°C). 

 

The idea behind the shift-model is the application of shift factors for temperature and 

load levels so that an equivalent number of cycles in the reference condition can be calculated. 

Equation (56), which is a simplification of Equation (53), reflects this concept, presenting a 

combined shift factor for the conditions.  

 

10 tota
redN N=      (56) 
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Where, 

Nred = reduced number of cycles at reference loading conditions; 

N = physical number of cycles of a certain loading condition; and  

atot = shift factor for selected stress and temperature condition. 

 

Details concerning the calculations and fitting of the Shift-Model can be found in the 

‘Permanent Strain Model Coeff’ screen, depicted in Figure 35, automatically activated once the 

analysis is complete. This screen presents the tables used in the fitting process and calculations 

necessary for the shift model calibration. The Shift-Model coefficients, although present in this 

screen, are summarized in the ‘Input to FlexPAVE™’ screen, for simplicity of reading. 

Normally, the most important information that is uniquely given in this screen is the ‘Measured 

Vs Predicted Permanent Strain’ graph, which provides the average specimen permanent 

deformation behavior for each temperature and the respective calibrated Shift-Model prediction. 

 

 

Figure 35: FlexMAT™ Shift-Model overview screen. 

The calculation of the shift model coefficients based on the elements present on the 

shown screen, involves a sequence of the following steps: 

Step 1, calculate the reference temperature (Tref) as the average between tested 

temperatures for the high temperature determination, TH. 

Step 2, calculate the best fitting values for ε0, N1 and ß, of Equation (50), by minimization 

of cumulative square error between observed vertical permanent strain (averaged between 

specimens for each cycle) and predicted vertical permanent strain values, using Equation (57), 

for high temperature determination and initial 200 cycles (intermediate stress level) of test.  
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Where, 

vp  = observed vertical permanent strain; and 

ˆ
vp  = predicted vertical permanent strain. 

 

The minimization technique applied is the standard ‘GRG Non-Linear’ of Microsoft 

Excel Solver application, using the default configuration of version 2016. The initial values 

adopted for the fitting procedure are given in Table 9. Notice that this condition, using high 

temperature level and intermediate stress level will be treated as the reference condition for the 

shift-model for the following calculations. 

Table 9: Initial Values for Vertical Permanent Strain Fitting Procedure 

Fitting 

Coefficient 

Initial 

Value 

ε0 0.002 

N1 2 

ß 0.75 

 

Step 3, calculates the last reduced cycle, Nred, for the other stress levels and temperature. 

To do that the same previous standard Microsoft Excel Solver configuration is used for reducing 

the square error between observed and predicted vertical permanent strain for the cycles and 

temperature levels given in Table 10, using the initial values provided in the “Initial Value” 

column, and fitting Nred of Equation (50), with ε0, N1 and ß previously calibrated. 

Table 10: Initial Values for Reduced Cycles Fitting Procedure 

Cycle 

(N) 

Temperature 

Level 

Initial Value 

for Nred 

400 High 100 

600 High 100 

200 Low 0.5 

400 Low 0.1 

600 Low 0.1 
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Observe that the objective function of step 2 takes the cumulative square error described 

in Equation (57) and, in step 3, the objective function takes the square error of a single point, the 

last cycle of each stress level. Note that for the reference condition (high temperature level and 

intermediate stress), Nred is 200. 

Step 4 calculates the shift factor for each stress condition in both temperatures, using 

Equation (58). 
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Where, 

aσv = vertical stress shift factor; 

Nred = reduced number of cycles at reference loading conditions; and 

n = stress level for selected temperature level. 

 

Step 5 is the calculation of the reduced load time shift factors and reduced load times for 

each temperature level, given by Equations (59) and (60), respectively. 
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Where, 

aξp = reduced load time shift factor; 

aσv, intermediate = vertical stress shift factor for the intermediate stress condition; 

ξp = reduced load time; 

T = tested temperature of interest (°C); and 

TH = tested high temperature (°C). 

 

Note that if the temperature of interest is the tested high temperature: (1) aξp and aσv are 0 

and (2) ξp becomes 0.4 seconds, which is the pulse time and, thus, the reference condition is 

verified. For details on pulse and rest periods, the work of Kim et al., 2017, is recommended. 

Step 6 calculates p1 and p2 with Equation (51) and d1 and d2 with Equation (52), given the 

shift factors calculated on step 5, for each temperature.  
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With that, all the parameters needed for the calibration of the shift-model are determined, 

and summarized in ‘Input to FlexPAVE’ screen. 

Like Sapp for FlexMAT™ Cracking, FlexMAT™ Rutting presents an index output, the 

Rutting Strain Index (RSI) (Ghanbari et al. 2020). RSI is an alternative output from FlexMAT™, 

in the sense that it is not a material property. However, as an index, it provides valuable 

information to evaluate the characterized mix’s performance given a climatic condition and a 

pre-defined structural position of the mix (i.e., surface, intermediate or base layer). RSI is 

defined as the simulated average permanent strain for 20 years of traffic with 30 million 

equivalent single-axel loads applied and in a design speed of 96 km/h. For more details on RSI 

calculation, the reader is recommended the work of Ghanbari et al. (2020).  

Calculating RSI through FlexMAT™ requires the selection of three inputs: (1) ‘State’, in 

cell ‘B20’, will update the available list of cities for selection, on cell ‘B21’; (2) ‘City’, in cell 

‘B21’, will be used on determining the temperature profile for RSI calculation; and (3) ‘Layer 

Type’, in cell ‘B22’, will be used for determining the stress profile used in the RSI calculation. 

These inputs are shown in Figure 36. 

 

 

Figure 36: FlexMAT™ RSI calculation inputs. 

Temperature is known to be a commanding factor of pavement stiffness so, to calculate 

RSI and incorporate realistic climatic conditions, FlexMAT™ uses a summarized database of 

temperature profiles with 2798 stations in the US territory. The summarized climatic data 

contains the estimated temperature every 1-inch depth for a generic asphalt concrete structure up 

to 10 inches. These characteristics were estimated using MERRA2 station information gathered 

from LTPP Bind™ and the Enhanced Integrated Climatic Model (EICM). The final summary 

file for each station contains historical temperature information (in Fahrenheit) for each depth of 

the pavement for 20 years (Jan. 1996 to Dec. 2015). To reduce the size of the database, each 
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depth has a reported temperature averaged monthly and averaged again into 3 segments: (1)  

7 pm to 5 am; (2) 5 am to 12 pm; and (3) 12 pm to 7 pm.  

Figure 37 presents a screenshot of one of the summary files. Notice that each row 

contains the monthly average temperature (in degrees Fahrenheit) data for one segment and for 

each of the evaluated depths. 

 

 

 Figure 37: Temperature database file sample for RSI calculation. 

When all the required inputs are present, clicking on the ‘Rutting Strain Index (RSI)’ 

button, present in the ‘Input to FlexPAVE™’ screen will initialize the RSI calculation. This is 

normally a quick procedure and should take but a few seconds to be completed and activate the 

‘Rutting Index Parameter’ screen, shown in Figure 38. The calculated RSI value is then 

presented in cell ‘B5’.  
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Figure 38: FlexMAT™ RSI calculation screen. 

3.2.6 FlexMAT™ Outputs 

FlexMAT™ Cracking and FlexMAT™ Rutting have a dedicated tab for summarizing all 

the calibrated coefficients. In FlexMAT™ Cracking, the tab is called ‘Summary and Input to 

FlexPAVE™’ and in FlexMAT™ Rutting, ‘Input to FlexPAVE™’. The nomenclature indicating 

FlexPAVE™ usage is inherited from its initial purpose of summarizing the coefficients for 

FlexPAVE™’s usage.  

Table 11 presents a compilation of the coefficients calibrated in FlexMAT™ Cracking, 

with the source of its calibration, location in the summary tab and adopted symbols. 
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Table 11: Summary of Characterized Elements in FlexMAT™ Cracking. 

Analysis 

Source 
Characterization Location 

Number of 

Coefficients 
Coefficients 

Dynamic 

Modulus Test 

Time-

Temperature 

Superposition 

Cells B9 

through B12  
4 Tref, a1, a2, a3 

Dynamic 

Modulus Test 
2S2P1D 

Cells B15 

through B21 
7 

δ, k, h, ß, E00, E0, 

log(τE) 

Dynamic 

Modulus Test 
Prony Series 

Cells A25 

through B41 
34 

Ti, Ei  

(i = 1, 2, 3, … , 17) 

Dynamic 

Modulus Test 

Damage 

Evolution Rate 

Factor 

Cell E15 1 α 

Cyclic 

Fatigue Test 

Damage 

Characteristic 

Curve 

Cells E15 

and E16 
2 C11, C12 

Cyclic 

Fatigue Test 
Failure Criterion Cell E20 1 DR 

*Output 

Fatigue Tab 

Damage Capacity 

Index 
Cell E22 1 Sapp 

Cyclic 

Fatigue Test 

Dissipated 

Pseudo-Strain 

Energy 

Cell E34 

through F37 
8 

ai, bi 

(i = 1, 2, 3, 4) 

CTC 

Analysis 
CTC Model 

Cell E24 

through E27 
4 CTCg, CTCL, Tg, R 

Aging 

Analysis 
PAM and AMAC 

Cell E29 

through E31 
3 c, log|G*|STA, M 

*Calculation dependent of user defined inputs during FlexMAT™ analysis in the ‘Output 

Fatigue’ screen. 

 

The information described in Table 11, is found in FlexMAT™ Cracking in the 

‘Summary and Input to FlexPAVE™’ screen, illustrated in Figure 39.2 
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Figure 39: FlexMAT™ Cracking’ coefficients summary screen. 

Table 12 presents a compilation of the coefficients calibrated in FlexMAT™ Rutting, 

with the calibration source, location in the summary tab and adopted symbols 
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Table 12: Summary of Characterized Elements in FlexMAT™ Rutting. 

Analysis 

Source 
Characterization Location 

Number of 

Coefficients 
Coefficients 

SSR Test Shift-Model 

Cells B4, B5, B6, 

B9, B10, B13, 

B14 and B16  

8 
ε0, N1, ß, p1, 

p2, d1, d2, Tref 

*Input to 

FlexPAVE™ 

Tab 

Rutting Strain 

Index 

‘Rutting Index 

Parameter’ tab, 

Cell B5 

1 RSI 

*Calculation dependent of user defined inputs during FlexMAT™ analysis in the ‘Input to 

FlexPAVE™’ screen. 

 

The information described in Table 12, is found in FlexMAT™ Cracking in the 

‘Summary and Input to FlexPAVE™’ screen, illustrated in Figure 40. 

 

 

Figure 40: FlexMAT™ Rutting coefficients summary screen. 

Notice the presence of two disabled buttons in Figure 40, namely ‘Export FlexPAVE™ 

1.1 Inputs’ and ‘Export FlexPAVE™ 2.0 Inputs’. These buttons are also present in the 

FlexMAT™ Cracking summary tab. They are responsible for exporting a file that is compatible 

with FlexPAVE™ software, containing the existing indices, and become available when the 

characterizations are complete. 
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One previously unmentioned feature of FlexMAT™ Cracking is the ‘Table 22. Dynamic 

Modulus’, present in the ‘Summary and Input to FlexPAVE™’ tab. In this functionality, the user 

can generate a table with a selection of frequencies and temperatures to have the dynamic 

modulus of the characterized mixture calculated using the 2S2P1D model calibrated for the 

given conditions. This table was created for compatibility with the “AASHTOWare Pavement 

ME Design” software, which takes as input a table in a similar format for dynamic modulus 

property input. Figure 41 presents an overview of this utility. 

 

 

Figure 41: FlexMAT™ Cracking’ dynamic modulus calculation table. 

This table can be customized by modifying the selection of the cells ‘J3’ to ‘M3’ and ‘J5’ 

to ‘L5’. There are seven possible modifications: (1) cell ‘J3’ allows the selection of any number 

of frequencies between three and six, automatically adjusting the table to the selected number, 

adding or removing frequencies as needed; (2) cell ‘J5’ does the same for the number of 

temperatures, in which the user can select any number between three and eight temperatures; (3) 

cell ‘K3’ allows the user to select frequency unit between ‘Hz’ and ‘rad/s’; (4) cell ‘K5’ allows 

the user to select the temperature unit from among ‘Celsius’ and ‘Fahrenheit’; (5) cells ‘L3’ and 

(6) ‘L5’ allows the selection of default values for frequencies/ temperatures or enables user-

defined values, in which the user can modify them as seen fit; (7) cell ‘M3’ allows the 

modification of dynamic modulus’ output unit between MPa and psi. 
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3.3 FlexPAVE™ v2.0 

FlexPAVE™ is a state-of-the-art pavement simulation software, under development for 

some years from its initial version (formerly known as “LVECD”). An in-depth discussion of 

FlexPAVE™’s versions’ features and evolution are outside the scope of this work, but details on 

development and validation are reported in the literature (Wang et al. 2018; Eslaminia and 

Guddati 2016; Eslaminia et al. 2012; Wang et al. 2016) and has been receiving updates with the 

latest research efforts, being updated into FlexPAVE™ v2.0. 

FlexPAVE™ v2.0 is in an advanced state of implementation, but it is not yet available for 

usage, and, for that reason, its expected features and models will not be discussed in this section. 

Its role in PASSFlex™ framework is in the development of a relationship capable of predicting a 

structure’s performance based on the AQCs of the existent mixtures for that structure.  

The graphical user interface (GUI) for FlexPAVE™ v2.0 has most of its elements already 

defined and few or no modifications are expected from its current development point. This 

section will present an overview of the GUI elements developed so far, and that are expected to 

be present in the final implementation and, consequently, on PASSFlex™. 

One setback of the previous versions of FlexPAVE™ was that during its GUI 

development it was not designed for accommodating the needs of users with disabilities (e.g., 

screen reader software for visually impaired users). The process of making a software usable and 

friendly for users with disabilities is handled in section 508 compliance (law 29 U.S.C. §794d. - 

Electronic and information technology), which is a requirement for software distributed by 

government entities. For that reason, even though FlexPAVE™ has received FHWA’s support 

over the years, it could not be nation-widely distributed through FHWA and, because of it, its 

penetration was reduced. 

During the conception phase of FlexPAVE™ v2.0’s GUI, a simplistic approach was 

adopted based on a sum of factors of which two can be highlighted: (1) section 508 compliance 

ease of implementation; and (2) simplifying the process of user training and adaptation for the 

new version. These reasons were combined into a GUI generated on Microsoft Excel with VBA 

elements, following the steps of FlexMAT™, which had already been through several section 

508 compliance reviews, and received feedback from many users. 

The current developed GUI for FlexPAVE™ v2.0 is presented in Figure 42. Users that 

are accustomed with FlexPAVE™ v1.1 may find it greatly different from the previous versions. 

The differences are coming from the simplifying philosophy adopted, previously mentioned. 
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Figure 42: FlexPAVE™ v2.0 graphical user interface. 

The screen presented in Figure 42 is the main screen, where users will handle the 

projects, materials, structure, project specific elements and, when the analysis is complete, the 

analysis’ outputs. There are four basic groups that separates the elements handled in the GUI:  

• ‘Project Details’, ranging from cell ‘B3’ to cell ‘B9’ which includes project 

specific representative characteristics – project name, latitude and longitude of the 

project’s site, altitude of the project’s site, water table depth, traffic opening date 

and pavement’s design life. The project name selected here, is going to be the 

identifier for the project created and, when saved, the title of the file generated. 

Projects with the same name are not allowed.  

• ‘Pavement Structure’ includes three elements: (1) cell ‘B11’ for the definition of 

the number of layers present in pavement structure which, when changed, will 

adjust the number of rows in ‘Table 1. Pavement Structure’ with the selected 

number of layers; (2) cell ‘B12’ for changing the unit system, between “SI” and 

“US Customary”, adjusting all the units used in the GUI accordingly; and (3) 

‘Table 1. Pavement Structure’ in which the structure is defined, from top to 

bottom, i.e., the first row of the table is the surface layer of the pavement, and the 

last row is the bottommost layer (normally the subgrade). In ‘Table 1. Pavement 

Structure’, the selection of ‘Material’ becomes available from within database 

materials when a ‘Layer Type’ is selected from among “Asphalt”, “Aggregate 

Base” and “Subgrade”, as shown in Figure 43. 
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Figure 43: FlexPAVE™ v2.0 layer type and material selection. 

• ‘Traffic Data’ information input has a dynamic location on the screen, because it 

depends on the number of layers selected for the pavement structure table. It is 

located two rows below the last layer and includes the input cells for (1) the daily 

traffic level in equivalent standard axle load (ESAL), (2) individual axle load, (3) 

tire pressure and (4) traffic speed (velocity). 

• ‘Performance Prediction’ allows the user to select which performance is going to 

be shown in the graph existent, between “Fatigue”, “Rutting” and “Thermal 

Cracking”, as shown in Figure 44. 
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Figure 44: FlexPAVE™ v2.0 performance prediction display selection. 

Beyond the input selection, the six buttons described in Table 13 allow the users to perform 

actions in FlexPAVE™ v2.0.  
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Table 13: Summary of Button Related Actions on FlexPAVE™ v2.0 

Button  Functionality 

‘Clear Inputs’ 
Deletes all user input information currently present on the 

screen 

‘Load Project’ 
Opens the ‘Project Selection’ screen for selection of existent 

projects in the database of FlexPAVE™ v2.0 projects 

‘Save Project’ 

Saves or updates a project with the name selected in cell ‘B3’, 

storing the current filled information into a project file on the 

database 

‘Run 

Analysis’ 

- Verify if the current inputs are valid and generates a warning 

message with a description of the missing input if needed 

- Saves or updates current project  

- Runs pavement simulation for the current project 

‘Asphalt 

Material 

Details’ 

Opens the ‘Asphalt Material Properties’ management screen 

for adding asphalt materials into the database. 

‘Unbound 

Material 

Details’ 

Opens the ‘Unbound Material Properties’ management screen 

for adding asphalt materials into the database. 

 

The buttons ‘Clear Inputs’, ‘Save Project’ and ‘Run analysis’ are direct execution buttons 

that perform their intended functionality simply by clicking on them. The other buttons, ‘Load 

Project’, ‘Asphalt Material Details’ and ‘Unbound Material Details’ require other actions 

somewhat more involved, with auxiliary screens. 

Clicking on the ‘Load Project’ button, activates the screen shown in Figure 45, which 

allows the user the selection between existing projects in the database through the drop-down 

menu under ‘Project Name:’. Once a project is selected, clicking the ‘Load button’ will clear the 

existing input values present on the previous screen, and replace them with the existing values of 

the selected project. 
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Figure 45: FlexPAVE™ v2.0 project selection screen. 

If the project has results from a previously ran simulation, those results are going to be 

loaded and available for verification on the performance graph existent, through the selection 

shown in Figure 44. 

The next functionality with additional screens is the ‘Asphalt Material Details’. Clicking 

on this button will activate the screen shown in Figure 46. This screen allows the user to select 

through the existing asphalt materials present in the database, by picking one from the drop-

down list under ‘Select Material’. When a material is selected, the existing properties of that 

material are going to be displayed in the textboxes. 
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Figure 46: FlexPAVE™ v2.0 Asphalt Material Properties’ screen. 

This screen has a set of functionalities within itself and one of them requires an additional 

handling screen of its own.  

Table 14 presents a summary of the actions, with the functionalities and requirements for 

each element. 
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Table 14: Summary of Actions on ‘Asphalt Material Details’ functionality 

Action  Functionality Requirement 

Select Material 

Selection of a material 

from the database of 

existing materials 

- Existence of at least one material 

entry on the database 

Select Default 

Material 

Selects a default material 

to be used for empty 

properties of selected 

material 

None 

Add New 

Material 

Activates the ‘New Asphalt 

Material’ screen for adding 

a new material to the 

database of asphalt 

materials 

None 

Fill With 

Default 

Properties 

Fill empty properties from 

the currently selected 

material with a default 

material’s properties. 

- Selection of a material either from 

database or recently added 

- Selection of a default material 

Clear 

Clears the selection of 

material and properties 

shown 

None 

Save 
Saves the current material 

to the database of materials 

- Material name identification 

- All coefficients/properties must 

have a value 

Back 
Closes Asphalt Material 

Properties’ screen 
None 

 

The ‘Add New Material’ action, as mentioned, requires an additional screen for handling 

its functionalities. Its screen is shown in Figure 47, and provides the user with a name definition 

textbox, under ‘New Material Name’, and two buttons, ‘Load Cracking Properties’ and ‘Load 

Rutting Properties’, used for selecting FlexMAT™ files or FlexMAT™ generated files for 

importing the coefficients and calibrated models presented in section 3.2 for cracking and 

rutting, respectively. 
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Figure 47: New Asphalt Material screen in FlexPAVE™ v2.0. 

When a unique name is given (i.e., a name that is not yet existing in the database), and 

the intended cracking and rutting files loaded, clicking the button ‘Done’ will take the user to the 

previous screen, and load the selected material properties. If no file is selected or any properties 

are missing for cracking, rutting or both, the corresponding textboxes will be left empty, and 

default material properties’ can be used to fill them. 

The last functionality is the ‘Unbound Material Details’, accessible from the main screen. 

It is very similar, in nature, to the recently described ‘Asphalt Material Details’ functionality, in 

the sense that it is used for adding materials to the database and for verifying the properties of the 

materials there existent, except that, for this case, it is used for the materials used in the 

‘Aggregate Base’ and ‘Subgrade’ layer types. Figure 48 presents the screen where these actions 

are handled. 
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Figure 48: FlexPAVE™ v2.0 Unbound Material Properties’ screen. 

Table 15 presents a summary of the actions available at this stage, with their respective 

functionalities and restrictions. 

 

 

 

 

 

 

 

 

 

 



80 

 

 

Table 15: Summary of Actions on ‘Unbound Material Details’ functionality 

Action  Functionality Requirement 

Select 

Database 

Material 

Selection of a material 

from the database of 

existing materials 

- Existence of at least one material 

entry on the database 

Add New 

Material 

Activates the ‘New 

Unbound Material’ screen 

for adding a new material 

to the database of unbound 

materials 

None 

Clear 

Clears the selection of 

material and properties 

shown 

None 

Save 
Saves the current material 

to the database of materials 

- Material name identification 

- All coefficients/properties must 

have a value 

Back 
Closes Unbound Material 

Properties’ screen 
None 

 

Like for the asphalt material details functionality, adding a new material to the database 

of unbound materials also uses an auxiliary screen, shown in Figure 49. In this screen, under 

‘Material Type’, the user has the option to select from a list of default materials characterized by 

the AASHTO Soil Classification System with properties that are common to materials thus 

classified. These default values follow those presented in the Input Manual for Enhanced 

Integrated Climatic Model (EICM), 2016 and the values reported in the American Association of 

State Highway and Transportation Officials, “Mechanistic-Empirical Pavement Design Guide.”, 

2020. 
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Figure 49: New Unbound Material screen in FlexPAVE™ v2.0. 

When a material type is selected and a valid name given, clicking the button ‘Done’ will 

take the user back to the previous screen where the material can have its properties verified and 

be saved to the database.  

3.4 PRS Development with PASSFlex™ 

PASSFlex™ is the most important product from this work. It is a software developed in 

VBA, using Microsoft Excel as hosting platform. PASSFlex™’ purpose is to serve as base-tool 

for contractors and agencies in the adoption of a performance specification that uses robust 

mechanistic models combined with AMPT testing and pavement performance prediction, laying 

down a solid framework for a QA system.  

In its conception phase, different coding languages have been considered as alternatives 

to VBA for developing PASSFlex™’ source code. However, the positive feedback coming from 

FlexMAT™ user experience and the natural compatibility between FlexMAT™ v2.1 and 

FlexPAVE™ v2.0 ‘s GUI, that are a part of the framework developed and have also been coded 

using VBA and Microsoft Excel, were decisive in the choice of coding language.  

PASSFlex™ is a software designed to combine different elements from FlexMAT™ and 

FlexPAVE™ to generate reliable performance predictions that can be transferred into multiple 

PRS steps like pay table generation, mix approval and/or pay adjustments based on AQCs. 

Within the protocols envisioned in PASSFlex™’ framework, the user is presented different 

alternatives to obtain life prediction based on volumetric AQCs so that mix and pavement quality 

can be evaluated, and adequate pay factors generated. Figure 50 presents an overview of 

PASSFlex™’ operation scheme. 
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Figure 50: PASSFlex™ flow scheme overview. 

There are four main functionalities inside PASSFlex™ that are going to be explored 

during this chapter. These functionalities were designed to guide the user in the different possible 

parts that compose the workflow of a QA analysis of a project, using a PRS system. These four 

main functionalities are separated into different buttons in the initial screen of the software. They 

are: (1) Develop Material Database; (2) Develop PRS; (3) Approve Mix; and (4) Adjust Payment 

Using QA Data. Figure 51 presents a screenshot of the initial screen of PASSFlex™, with the 

mentioned functionalities.  
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Figure 51: PASSFlex™ Initial Screen. 

The unmentioned functionality, named “Utilities” is an accessory tool, where access to 

the other software that are a part of PASSFlex™’ framework is simplified. In this sense, 

PASSFlex™ can be seen as a toolbox of multiple functionalities and software. Currently, the 

utilities functionality allows the user to store the latest version of FlexMAT™ Cracking and 

FlexMAT™ Rutting in a directory of choice. Future implementations are envisioned to include 

the same system for FlexPAVE™ v2.0 usage, once it is available. 

Each sub-section of this section will go through the current implementation of one of the 

four main functionalities, and their importance in the overall framework set. 

Before going into the functionalities of PASSFlex™, the definition of a protocol needs to 

be given, since a PRS project will always be tied to a protocol in PASSFlex™. A protocol can be 

seen as a part in the adopted PRS framework in which the different steps and efforts needed to 

achieve the PRS’ goals are described. In other words, a protocol can be seen as the plan of 

development of a PRS that specifies the steps needed to achieve its objectives. Because there is 

no single way of achieving the PRS’ goals, there can be also multiple protocols developed, 

describing different approaches and assumptions to achieve these objectives. 
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In the PASSFlex™ system, protocols are the guidelines for the procedures used in 

basically three stages:  

• Development of pay tables: The pay tables are a tabular output in which the pay-

factors are given to the user as a function of the in-place AQCs and of the cost-

model adopted. To calculate a pay-table, protocols determine the means to 

calibrate a relationship between the volumetric characteristics and a “performance 

indicator”.  

• Approval of a mix design: The approval stage is dependent on the selected 

protocol. It is an important stage, where the contractors will have a threshold 

verification of their design, given the characteristics of the project. A “pass/fail” 

result is expected at the end of this stage. 

• Field acceptance: The final stage, field acceptance uses the volumetric functions 

calibrated in the initial stage to predict, based on the measured in-place AQCs of a 

certain representative sample of the constructed pavement, the pay-factors for that 

lot. The idea behind this step is that incentives (or disincentives) are applied based 

on the contractor’s efforts over the QA elements. 

Current PASSFlex™ implementation counts on a single protocol implementation, the 

protocol named “Protocol A”. In protocol A, the predictions of field performance are made 

without pavement simulation, i.e., FlexPAVE™. Figure 52 presents a simplified overview of 

Protocol A’s stages. 
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Figure 52: Protocol A overview. 

The elements of Figure 52 will become clearer in the coming sections as the 

implementation of Protocol A is explained.  

3.4.1 Develop Local Material Database 

The material database in PASSFlex™ is the basis for any PRS protocol adopted. In this 

database a list of material properties characterized during FlexMAT™ analysis is stored so that 

users can have access to them, without the need of re-analyzing or re-inputting data from AMPT 
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tests of mixes once they have been analyzed and added to the database. Agencies and other 

PASSFlex™ users are expected to develop their own database of mixtures and continuously 

build on this database, adding new mixtures as these are designed and tested.  

To understand the expected data inputs in the database, the concept of four-corners needs 

to be addressed. The four-corners are four different volumetric conditions for a mixture that is 

created using the same materials. These four volumetric conditions can be obtained with a 

combination of varying granulometry, binder content and compaction level. The volumetric 

space is a space normally defined by two of the three main in-place volumetric variables: (1) 

voids in mineral aggregate (VMA); (2) voids filled with asphalt (VFA); and (3) air void content 

(Va). These three properties form a linearly dependent system in which knowing two is sufficient 

to characterize the third one. Equation (61) and its algebraic arrangements can be used for 

solving the system. 

,100 100a IP
IP

IP

V
VFA

VMA

 
 
 
 

= −      (61) 

Where, 

VFAIP = in-place voids filled with asphalt (%); 

Va,IP = in-place air void content (%); and 

VMAIP = in-place voids in mineral aggregate.  

 

Two other relevant Equations for handling the volumetric space of the four-corners are 

given by Equations (62) and (63), that tie current practice AQCs (VMANdes, VaNdes and VaIP)  to 

the volumetric space variables chosen for the relationships fitted, i.e. VMA in-place and VFA in-

place. 
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Where, 

VMAIP = in-place voids in mineral aggregate (%);  

VMANdes = voids in mineral aggregate at design number of gyrations condition (%); 

Va,IP = in-place air void content (%);  

VaNdes = air void content at design number of gyrations condition (%); and 

VFAIP = in-place voids filled with asphalt (%). 
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Figure 53 presents an illustrative example of a mix’s different volumetric conditions in 

the volumetric space. The coarse unit weight (CUW) of a given number is used for identifying 

conditions that use the same granulometry.  

 

Figure 53: Volumetric space characterization. 

(Wang et al. 2019) 

The distinction between “mixture” and “volumetric condition” becomes important at this 

stage for the four corners context. One mixture may be tested in multiple volumetric conditions, 

i.e., volumetric modifications of a mixture and, for the purposes of this work, are still considered 

one single mixture even though they may differ in performance. In fact, the purpose of defining a 

mixture as a combination of materials that may assume different volumetric conditions is to 

predict the mixture behavior through the volumetric state of that mixture, generating the concepts 

of index-volumetric relationship (IVR) and performance-volumetric relationship (PVR), 

presented in the works of Jeong et al. (2021) and Wang et al. (2019).  

The four-corners, as mentioned previously, are four different volumetric conditions that 

enclose a specific region in the volumetric space. Volumetric conditions that fall within the 

enclosed space by the four-corners can have their indices (i.e., Sapp and RSI) or performance (i.e., 

pavement life) predicted by calibrating IVR or PVR, respectively. The calibration of IVR and 

PVR is one of the proposed features of PASSFlex™, achieved by running the performance tests 

(dynamic modulus, cyclic fatigue and stress sweep rutting tests) in the four-corners and 

calculating indices or performance for each condition. 
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This introduction to four-corners is needed to understand the database structure designed 

for the file storage of PASSFlex™ mixes. The database is a three-level structure, in which one or 

more volumetric conditions are stored under a single mixture; and one or more mixtures are 

stored under a mixture category. Figure 54 presents an illustrative overview of the file structure 

adopted. 

 

 

Figure 54: Schematic of database folder organization for PRS development. 

The “Performance Testing Results” box in Figure 54 indicates a set of files that are used 

in PASSFlex™’ internal algorithms. These files include, in the current version, one FlexMAT™ 

Cracking file, one FlexMAT™ Rutting file and one ASCII based file with the summarized 

properties of each FlexMAT™ file for the given condition. 

There are three alternatives a user can choose among to handle the development of the 

database of mixtures in PASSFlex™. To start the process of database development, the button 

“Develop Material Database” needs to be selected, in the initial screen. This action will bring up 

the selection screen given in Figure 55, in which a brief in-program guidance is given to users 

with a brief description of the expected actions. 
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Figure 55: Material database development’s orientation screen. 

The first alternative was designed for situations where the user has performed the 

necessary laboratory tests described in sections 3.1 and 3.2, and wishes to analyze the AMPT 

data by using FlexMAT™ files directly connected to PASSFlex™’ database. In this case, the 

expected inputs are files outputted from an AMPT machine in specific formats and PASSFlex™ 

will generate the necessary FlexMAT™ files when needed and bring them open so that the user 

can go through the process of selection of data and analysis.  

If the first alternative is selected and the button “Next” pressed, the screen in Figure 56 

will be available on screen. This screen allows the user to: (1) select an existing condition that 

has been previously added to the database and update it with new AMPT tested data; (2) create a 

new volumetric condition on the database, so that the analysis can be carried; and (3) load 

FlexMAT™ Cracking and FlexMAT™ Rutting for the analysis of the AMPT files and store 

them in the adequate database folder. 
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Figure 56: Input screen for database development with AMPT files. 

Once the intended FlexMAT™ analyses are complete, clicking “Done” will generate the 

summary file with the characterization coefficients of each of the FlexMAT™ files analyzed, 

and the list of characterized models will be updated, presenting a “check” mark at the models 

that had their coefficients calibrated. An example of adding a new category, mixture and 

volumetric conditions is provided in chapter 4. 

The second alternative, related to the selection of the second option in Figure 55, will 

handle previously analyzed FlexMAT™ files. Because FlexMAT™ is a software that is 

compatible to PASSFlex™, but independent of it, some users may use it separately and 

independently from PASSFlex™. This input mode was designed for these users who: (1) ran 

their own analysis on FlexMAT™, prior to having access to PASSFlex™; (2) have lost access to 

the AMPT output data and are in possession of FlexMAT™ files; (3) any situation that may 

involve the user having a FlexMAT™ (Cracking or Rutting) file, without the corresponding 

AMPT files. 

After the path selection presented in Figure 55 is taken, the window presented in Figure 

57 will appear on the user’s screen. Note that, even though similar to its previous alternative, the 

methods for each approach are fundamentally different, as this one was designed as an interface 

for the user to upload existing FlexMAT™ files from a known directory. 
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Figure 57: Input screen for database development with external FlexMAT™ file. 

There are no expected differences between the results from first and second input 

approaches if the FlexMAT™ version used outside of PASSFlex™ (in the second alternative) is 

FlexMAT™ v2.1. In the source files section, updating and verifying the FlexMAT™ version is 

going to be overviewed but, at this point, it should be highlighted that if the versions are 

consistent, the calibrated coefficients should be the same. Minor deviations can be expected, 

concerning the number of decimal places used when reading the coefficients. It is important, 

however, to make sure to always use the latest released version of FlexMAT™ as it will have the 

most updated algorithms verified by the team of development, and possible corrections to bugs 

and unexpected behaviors. 

The third and final alternative to development of the database, is rather an organizational 

alternative more than a development one, as it doesn’t allow the user to add any new material to 

the database, but rather, only verification and modification. This alternative takes the user to the 

selection screen of Figure 58, used for verification of already existing categories, mixes and 

volumetric conditions of the database, with the value of each coefficient and the models 

calibrated in each condition. 
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Figure 58: Material database’s properties verification screen. 

To start verifying the characteristics of the existing mixes, the “drop-down” menus at the 

top-left corner of the screen were designed to present all the materials currently present on the 

database. The order of selection is expected to be: (1) “Mix Category”; (2) “Mix ID”; and (3) 

“Mix Condition”. Whenever one hierarchically higher selection is made, the menus below will 

automatically update their existing list of alternatives to those linked to the previous selection 

and user will have them available for selection. 

Once a volumetric condition is selected, the “Characterized Models” list of checkboxes 

will be updated to summarize which models of the selected condition have been characterized. 

Scrolling down, each model has a list of coefficients, and the respective values (when available) 

is presented. These properties are not editable, but their presence is intended as a visual 

verification of the actual values for each coefficient, cueing the user as to when a new condition 

has been loaded and, possibly, helping the user to develop a sense of expected values for each. 
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There are, currently, two possible actions intended for this screen: (1) “Rename 

Condition”, in which a given condition can be renamed to satisfy a change in the nomenclature 

selected during that condition’s inclusion on the database; and (2) “Delete from Database”, in 

which the user can delete any category, mixture and/or condition. It should be noted that deleting 

higher hierarchical levels will also permanently delete any lower hierarchical levels related. For 

example, deleting a mixture will automatically delete any volumetric condition that was stored 

under that Mix ID. 

3.4.2 Develop PRS 

The second functionality in PASSFlex™, is the ‘Develop PRS’ functionality. The 

objective of this functionality is to calibrate the previously mentioned volumetric predictive 

models by using the tested information present in the material database and, through them, 

generate a pay-table, capable of linking AQCs to pay-factors. This objective is achieved by 

following the stages described in this section.  

The first stage for development of a PRS through PASSFlex™ is brought up by the 

screen shown in Figure 59 where, the user is expected to select one of two alternatives: (1) start a 

new project; or (2) select from an existing project. This screen separates the creation of a new 

project from the update of a previously existing project. 

 

 

Figure 59: PRS project selection screen. 

To continue working on a previous project (or to review its details), the selection can be 

made by clicking the drop-down box under ‘Existing Projects’, where all the available stored 

projects are going to be shown. A selection of project through this method will update the 

textbox under ‘Selected Project’s Protocol’ to provide the user with a preview of the selected 

project’s protocol. 
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As previously mentioned, PRS projects are always linked to a protocol in PASSFlex™. If 

the button ‘Create a New Project’ is clicked, the user is redirected to the next screen, given in 

Figure 60, in which a name for the project should be given and the selection of the desired 

protocol, made. Once a protocol is clicked, the ‘Informational’ box will be updated with a brief 

preview and description of that protocol and the involved steps.  

 

 

Figure 60: Protocol selection screen for a new project. 

Protocols B and C are shown grayed out because these have not been implemented in the 

current PASSFlex™ version. However, this screen is expected to receive updates in the future 

for including protocols other than the existing ones.  

Clicking the button ‘Start Protocol’ will redirect the user to the initial step of protocol A: 

“Mixture Selection”. Figure 61 presents a screenshot of this step, in which a few of the most 

important elements can be identified. 
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Figure 61: Protocol A’s step 1, mixture selection screen. 

On this screen, the user has access to all the mixtures previously added to the database 

(see section 3.4.1) through cells ‘B3’ and ‘B4’. Selecting a mix category in cell ‘B3’ will enable 

the available mix IDs for that category in cell ‘B4’ and, from there, when a mixture is selected, 

all the volumetric conditions available (for that mixture) are updated into the table of properties, 

identified as “Table 1. Volumetric Conditions of Selected Mixture”. This table is dynamically 

update for each volumetric condition, with the objective of summarizing the indices (Sapp and 

RSI) as a function of VMA in-place and VFA in-place, in a preparation for the second step. 

Sapp and RSI, however, are project-dependent indices and to have their values calculated, 

they require a climatic component determined. This climatic component is included by the 

selection of state and city in cells ‘B7’ and ‘B8’. When a location is selected, the nearest climatic 

station existing on the database of climatic stations is searched for and, when found, its 

coordinates (latitude and longitude) are presented in cell ‘B11’. With that, the Climate PG, on 

cell ‘B12’, is updated with the corresponding values for the displayed location. This value is 

used for Sapp calculation (see section 3.2.2) and the station code (cell ‘B14’) used for finding the 

climatic summary file used in RSI calculation (see section 3.2.5).  

After the selection of location, Sapp is ready for calculation for the volumetric conditions 

that have had their S-VECD model calibrated. To do that, the user needs simply to click on the 

‘Run Sapp Analysis’ button, which will perform the analysis for all the volumetric conditions 

and update them in the existing table. For RSI, however, the layer type still needs to be defined 

(see section 3.2.5) and, to do that, one of the three alternatives on the drop-down list of cell ‘B9’ 

has to be chosen. Once state, city and layer type have been selected, clicking on the ‘Run RSI 

Analysis’ will determine the RSI value for each of the volumetric conditions that have been 

permanent deformation characterized and the results are going to be updated on the table.  

Table 16 presents a summary of functionalities and requirements for each of the possible 

actions presented in Step 1 of protocol A. Notice that, according to Table 16, at least 4 

volumetric conditions are needed for each index. This ties back to the work of Wang et al. 



96 

 

 

(2019), in which four conditions is considered an adequate number of conditions tested to 

balance accuracy of prediction and laboratory effort.  

Table 16: Summary of Actions on Step 1 of Protocol A 

Action  Functionality Requirement 

Mix 

Category 

Selection 

(cell B3) 

Selects a mix category from 

the available categories in the 

developed database 

- Existence of a mixture category in the 

database 

Mix ID 

Selection 

(cell B4) 

Selects a mixture from the 

available mixtures under the 

selected mix category in the 

developed database 

- Selection of a mixture category 

- Existence of a mixture under the selected 

mixture category in the database 

Step 2: Fit 

IVR 

(button) 

Initialize Step 2 of protocol A, 

fitting the index-volumetric 

relationship (IVR) to the 

volumetric conditions of 

selected mix 

- Selection of Mix Category (cell B3) 

- Selection of Mixture (cell B4) 

- At least 4 volumetric conditions with Sapp 

calculated  

- At least 4 volumetric conditions with RSI 

calculated 

Save Project 

(button) 

Overrides the existing PRS 

project file on the database 

with the current project values. 

- Project name (cell B2) 

Run Sapp 

Analysis 

(button) 

Calculate Sapp value for each 

volumetric condition present in 

Table 1 that has been fatigue-

damage characterized 

- State Selection (cell B7) 

- City Selection (cell B8) 

- Dynamic modulus model characterization 

in FlexMAT™ Cracking 

- Fatigue cracking model characterization 

in FlexMAT™ Cracking  

Run RSI 

Analysis 

(button) 

Calculate Sapp value for each 

volumetric condition present in 

Table 1 that has been 

permanent deformation 

characterized 

- State Selection (cell B7) 

- City Selection (cell B8) 

- Layer Type Selection (cell B9) 

- Permanent deformation model 

characterization in FlexMAT™ Rutting 

 

When ‘Table 1. Volumetric Conditions of Selected Mixture’ is filled with a minimum of 

four values of Sapp and RSI, clicking the ‘Step 2: Fit IVR’ button will take to user to the next step 

of this protocol: “Fitting IVR functions”. After clicking the button, a process of minimization is 

started as a background calculation, fitting the first-order linear function given by Equation (64), 

to the assembled index-volumetric space in protocol A’s Step 1. Greater details about the 

selected format for the IVR function can be found in the work of Wang et al. (2019). 

 

0 1 2IP IPIndex VMA VFA  = +  +     (64) 
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Where, 

Index = Sapp or RSI; 

ßi = fitting coefficients; 

VMAIP = in-place voids in mineral aggregate (%); and 

VFAIP = in-place voids filled with asphalt (%).  

 

Step 2’s screen in PASSFlex™ contains details about the fitting quality of the IVR 

function and, most importantly, the fitting coefficients (ßi) for the IVR. There are two plots 

designed to provide the user with the means for a visual inspection of the fit quality, showing the 

predicted index values versus the “measured” values from the four-corners. Figure 62 presents a 

brief overview of this step’s screen, in which the most important elements can be observed. 

 

 

Figure 62: Protocol A’s step 2, IVR fitting screen. 

Note the existence of a cell for the selection of the fitting model for IVRs (cells ‘C5’ and 

‘C6’). These cells were designed for the selection of different fitting models for the IVRs but, 

currently, the only available option is the ‘First-Order’ model, described in Equation (64). 

A summary of the available actions, with the respective description and requirements of 

step 2’s screen is given in Table 17. 
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Table 17: Summary of Actions on Step 2 of Protocol A 

Action Functionality Requirement 

Step 3: Index 

Tables (button) 

Generate index tables based on the 

fitted IVRs, given the limits for the 

volumetric variables 

- IVR Fit for both Sapp and 

RSI predictions 

- Selection of volumetric 

limit for the Index Tables 

Save Project 

(button) 

Overrides the existing PRS project file 

on the database with the current 

project values. 

Project name (cell B2 on Step 

1's screen) 

Fit Cracking 

IVR Parameters 

(button) 

Re-run the minimization of error 

between predicted and "measured" Sapp 

values, by re-fitting the IVR 

coefficients. 

- Minimum of 4 Sapp values in 

different volumetric 

conditions 

Fit Rutting IVR 

Parameters 

(button) 

Re-run the minimization of error 

between predicted and "measured" RSI 

values, by re-fitting the IVR 

coefficients.  

- Minimum of 4 RSI values in 

different volumetric 

conditions 

 

The next step, Step 3, is the generation of index tables based on the fitted IVRs, for 

multiple volumetric conditions. The selection of the tables’ volumetric range is made in a 

specific screen that is enabled once the user clicks the button ‘Step 3: Index Tables’. Figure 63 

shows the selection screen and its elements. 

 

 

Figure 63: Protocol A’s step 3, volumetric range selection. 

Each index table forms a grid of 16 by 16 values, i.e., 16 values of in-place VMA and 16 

values of in-place VFA are used to calculate the indices using the IVRs. The objective of the 

selection screen of Figure 63 is to determine the range of each of the volumetric variables used in 

the characterization of the indices in the generated table, given lower and upper limits. The 
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values will be equally distributed between the limits if each incremental step is greater than or 

equal to 0.1 % (adopted precision of the volumetric variables); if not, the upper limit will be 

assumed as the minimum limit plus 1.5 % to ensure the minimum precision as incremental step.  

There are three alternatives to setting the limits of the volumetric variables for index 

tables: 

• ‘Suggested Limits’: defines the minimum and maximum available limits as those 

presented among the tested conditions and updates the four textboxes on the right 

of the screen accordingly, for user’s visual verification. Any modification of 

values will maintain the other values unmodified, but the selection method will 

move to ‘Custom Limits’. 

• ‘Custom Limits’: allows the user to select freely the limiting values of the 

volumetric variables. 

• ‘Project Based Limits’: this alternative is based on the Superpave method 

(Cominsky 1994), defining the volumetric limits according to the mixture’s 

nominal maximum aggregate size (NMAS) and on the project’s expected traffic 

level. To select the limits, the user needs to activate this option and the drop-down 

boxes will change from “Locked” to empty values, allowing the user to select 

among the existing limits. The presented limits follow the Superpave Mix Design 

Manual and are given in Figure 64 and Figure 65. Notice that there is no upper 

limit for VMA and so, the upper limit is left to the user’s discretion, but still 

required. 

 

 

Figure 64: Criteria for minimum VMA. 

(Source: Cominsky 1994) 



100 

 

 

 

Figure 65: Criteria for VFA range. 

(Source: Cominsky 1994) 

Once the four limits are selected, clicking on the button ‘Done’ will verify the validity of 

the inputs for possible typos and/or invalid information (e.g., non-numeric inputs) and move onto 

Step 3: Index Tables Generation. Like for Steps 1 and 2, Step 3 has a dedicated screen with two 

index tables (one for each index), where the indices are calculated for each volumetric condition 

given in the top row (in-place VMA) and left-most column (in-place VFA). Figure 66 shows a 

screenshot of Step 3’s screen. 
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Figure 66: Protocol A’s step 3, Index Tables Generation screen. 

During the development of the index table generation procedure, AQCs other than in-

place VMA and in-place VFA have been considered as alternatives of display variables and may 

still be implemented in a future version for accommodating the needs of different agencies. The 

simplicity of generating the index tables based on the same two volumetric variables used for the 

calibration of the coefficients in Equation (64) was the governing strategy for the current 

implementation, removing the need for additional dimensions on the displaying of tables if a set 

of more than two variables is needed. It is understood, however, that agencies and contractors’ 

feedback on the common practice of AQCs, as display variables, is a very important factor for 

PASSFlex™’ acceptance and usability and, thus, current implementation may be subjected to 

changes once input is collected from the intended public, on an evaluation effort of PASSFlex™. 

A summary of the available actions, with the respective description and requirements of 

step 3’s screen is given in Table 18. 
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Table 18: Summary of Actions on Step 3 of Protocol A 

Action Functionality Requirement 

Step 4: Life 

Table (button) 

*Generates life table based on the fitted 

IVRs, given the limits for the 

volumetric variables 

- 

Save Project 

(button) 

Overrides the existing PRS project file 

on the database with the current 

project values. 

- Project name (cell B2 on 

Step 1's screen) 

Set Tables 

Range (button) 

Reloads volumetric variables limit 

selection window 
- 

*Dummy deterministic solution implemented. 

 

Once satisfied with the current setting of the index tables, clicking on the button ‘Step 4: 

Life Table’ will take the user to the next step, the generation of the pavement’s life prediction 

through the indices. 

It is very important to note that this step is currently not validated in terms of how the 

conversion between indices and life is done. It is outside the scope of this work to develop this 

relationship. This work’s part is rather to create the space in which this relationship can be 

implemented once an in-depth study has been made and a method for the conversion developed 

and validated. PASSFlex™ will then be updated to accommodate this conversion step, when the 

solution is ready, by adjusting the inputs to those that the developed method may require and 

modifying the background algorithm to the one developed. This solution is expected to be based 

on a probabilistic approach, taking historical variations of the AQCs and running Monte Carlo 

simulations for the generation of the probability distribution of the predictions. 

Current PASSFlex™ implementation presents a deterministic relationship between 

expected pavement life and the generated indices. It should be mentioned again: current 

relationship is simply a placeholder for when the conversion method is finalized. The currently 

implemented method is not, by any means, validated or representative of the expected material 

behavior. Because of its lack of connection with the reality, the implemented function will not be 

specified in this work and should simply be viewed as a generic closed-form function that 

converts indices into life. 

Step 4’s screen and the respective deterministic life table generated are presented in 

Figure 67. Note that, in the current implementation, the life table follows the same limits used in 

the index tables, which may or may not be modified, depending on the needs of the indices-to-

life solution. 
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Figure 67: Protocol A’s step 4, Life Table Generation screen. 

Even though the current implementation is expected to be subjected to changes, a brief 

description of the existing actions of step 4’s screen is given in Table 19 so that in the following 

chapter, when an example is given, the basis for its comprehension is already set. 

 Table 19: Summary of Actions on Step 4 of Protocol A 

Action Functionality Requirement 

Step 5: Cost 

Model (button) 

Enables Step 5 screen for definition of 

the cost model 
- 

Save Project 

(button) 

Overrides the existing PRS project file 

on the database with the current 

project values. 

- Project name (cell B2 on 

Step 1's screen) 

Set Tables 

Range (button) 

Reloads volumetric variables limit 

selection window 
- 

 

Going to step 5 has no requirements from step 4, i.e., as soon as the user clicks the 

‘Step5: Cost Model’ button, the screen is redirected to step 5’s screen, given in Figure 68. The 

objective of this step is to define the cost-model function that relates an amount of 

incentive/disincentive to the predicted life difference (PLD). 
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Figure 68: Protocol A’s step 5, Cost Model Definition screen. 

There are two complementary elements on this screen, ‘Table 8. Cost Model’ and the 

chart beside it, ‘Cost Model’. The information existing in the first one is reproduced in the latter 

in a graphical way so that the user can visually inspect the defined model and verify its adequacy 

to the intended relationship. As defined in section 2.3.2, the cost model uses the difference 

between the expected design life and the predicted life defined in step 4, to generate an 

incentive/disincentive factor (henceforth referred to as “%I/D”) that will be used to calculate the 

adjustment of the final payment. 

Table 20 presents an overview of the actions with the corresponding description and 

restrictions present in step 5’s screen. 

 Table 20: Summary of Actions on Step 5 of Protocol A 

Action Functionality Requirement 

Step 6: Pay 

Table (button) 

Enables Step 6 screen, applying the 

characterized cost model to the life 

table of step 4, generating the pay 

table. 

A set of at least two 

coordinate points in the cost 

model 

Save Project 

(button) 

Overrides the existing PRS project file 

on the database with the current 

project values. 

- Project name (cell B2 on 

Step 1's screen) 

Modify Cost 

Model (button) 
Loads the cost model update screen - 
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An additional screen is used for updating the cost model that is activated by clicking the 

‘Modify Cost Model’ button, presented in Figure 69. This screen was designed to provide 

guidance to the user in updating the cost model, instead of simply modifying the ‘Table 8. Cost 

Model’ with the cost model’s definition points.  

 

 

Figure 69: Cost model update screen. 

There are four possible actions in this screen: 

• ‘Add Point’: brings over the screen in Figure 70 where the user can input a 

coordinate pair, PLD and %I/D. After the values are inputted, there is a 

verification of values to make sure typos and non-numeric values are not present 

and, if not, the values are added to the set of coordinates that define the cost 

model. 
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Figure 70: Add point to cost model’s screen. 

• ‘Update Chart’: will convert the current set of coordinates present in the 

coordinate’s textbox to the cost model of Step 5’s screen, updating both table and 

graph. There is also a verification step to check the validity and completion of 

inputted coordinates, providing the user with guidance if an error is found. 

• ‘Clear Model’: clears the current cost model’s coordinates from the coordinate’s 

textbox, deletes the values in the cost model table and clears the cost model plot 

in Step 5’s main screen. This action cannot be undone. 

• ‘Set Chart to Default’: this action overrides the current cost model, loading a pre-

defined, arbitrarily chosen cost model. The reason for the existence of this 

predefined default cost model is mainly demonstrative. An alternative 

functionality (not implemented) is the development of an agency specific library 

of cost models, where agencies would have the option to create a database of cost 

models to be readily available once a new cost model is stored. 

The cost model implemented from the set of inputted coordinates is, at last, a piecewise 

linear function, i.e., a function that assumes a linear behavior for interpolation between 

coordinate points. For extrapolations of a PLD less than the minimum PLD established by the 

coordinates, %I/D is assumed to have a value of 0%, representing a material that has such a poor 

behavior when compared to the expected life that a complete replacement would be required for 

the contractor to receive any payment.  

On the other end, for PLD values greater than the maximum PLD defined in the cost 

model’s coordinates, %I/D is assumed to become a constant value equal to the %I/D 

corresponding to the maximum PLD value. This approach represents a limit to the incentives, 

indicating that beyond a certain quality level of the material, increments in the material quality 

would not receive additional financial incentives. 

Once a valid cost model is set, pressing the button ‘Step 6: Pay Table’ will initialize the 

last step in this PASSFlex™ functionality, the pay table generation. This step generates the 

output from PASSFlex™’ second block, the pay tables, based on the design life of input, in cell 

‘C7’. Figure 71 presents step 6’s screen overview of PASSFlex™. 
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Figure 71: Protocol A’s step 6, Pay Table Generation screen. 

Table 21 presents an overview of the available actions in step 6. 

Table 21: Summary of Actions on Step 6 of Protocol A 

Action Functionality Requirement 

Selection of 

Design Life 

(cell C7) 

Sets the design life, in years, base for 

the calculation of the pay table. 
- 

Save Project 

(button) 

Overrides the existing PRS project file 

on the database with the current 

project values. 

- Project name (cell B2 on 

Step 1's screen) 

Set Tables 

Range (button) 

Reloads volumetric variables limit 

selection window 
- 

 

The pay table is the combined result of all the previous steps, converting volumetric 

characteristics into percent payment. This is very valuable information that will be applied in 

different moments of a project. For agencies, the pay table is one of the parts in the set of QA 

tools that establish the quality standards expected of the final product, with rational, justifiable, 

information to contractors on how the payments are going to be adjusted based on AQCs.   
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Figure 72 presents a flowchart with a review of the ‘Develop PRS’ procedure described 

in this section, for the Protocol A.  

 

 

Figure 72: Summary flowchart of Protocol A’s pay table development. 
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3.4.3 Approve Mix 

In this coming sub-section, a description of the implemented acceptance procedure for a 

mix will be given. This PASSFlex™ procedure is called “Approve Mix” and has a specific 

action (button) in the initial screen designed to guide the user towards its functionalities. In the 

expected workflow of a PRS project, the mix would be submitted by the contractor who won the 

project bid and now needs to have a mix design approved by the SHA. It is envisioned that the 

SHA would be responsible for performing the AMPT laboratory performance tests on this mix, 

which should be in a form of optimized design (e.g., Superpave mix design, performance 

engineered mix design, etc.) and will, because of that, henceforth be called “optimum condition”.  

This is a different procedure from the one described in section 3.4.2, where the different 

volumetric conditions tested are used to predict the material performance in the volumetric 

space. The optimal condition is no longer submitted as a calibration resource but rather a 

condition under direct evaluation and its characteristics will be used to determine the mix’s 

quality and adequacy.  

Distinction between the concept of mixes used in the previous sections and the current 

one should be made to avoid confusion. Previously, one mix was an overarching concept, 

defined by a set of materials (aggregate, binder, RAP) that could be mixed into different 

volumetric conditions (normally four conditions, the four-corners used to calibrate the 

volumetric relationships). In mix approval, however, a mix is seen as a single volumetric 

condition, the optimum condition, that is going to be representative of that mixture’s 

characteristics and responsible for passing (or failing) the approval criteria. 

The currently implemented version of PASSFlex™ uses Protocol A, which has an 

approval criterion based on indices (Sapp and RSI) to determine if the mix is acceptable or not. A 

database for the submitted optimum conditions is created and managed by PASSFlex™, as 

means to access and verify the mixes, and the software is responsible for managing the database 

and running the analyses. 

When the ‘Approve Mix’ button is clicked, the user is initializing the mix approval 

process, and the first step in it is the decision between managing the mix approval database and 

actual mix approval. Figure 73 presents the screen that guides the user through this selection. 
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Figure 73: Action filter screen for mix approval. 

There are four alternative selections at this stage, each related to different stages of 

analyses of an optimum condition mix to be checked for approval. To start any of them, the user 

needs just to select the alternative and click the button ‘Next’. 

Alternative 1, ‘I have AMPT files of my optimal condition mix to analyze and add to my 

mix approval database’: should be selected when AMPT performance testing has been performed 

in the lab and the results are ready to be analyzed through FlexMAT™. This option allows the 

user to modify or create an entry for the mixture’s optimum condition in the database, creating 

and opening the FlexMAT™ files required. To do that, the screen shown in Figure 74 was 

designed.  

 



111 

 

 

 

Figure 74: Analyze AMPT data for mix approval screen. 

This screen is like the one in Figure 56, except for the simplification of the number of 

inputs needed, no longer separating the mixtures into categories and volumetric conditions, but 

rather with a single identification required, for the optimum condition’s name. The similarities 

between screens are intended, in an expectation that the user’s experience in either method of 

database handling may be directly translated into the other. 

Alternative 2, ‘I have analyzed FlexMAT™ files of my optimal condition mix to be add 

to my mix approval database’: allows the user to select from pre-analyzed FlexMAT™ files, 

those that correspond to the mixture to be added into the database. While alternative 1 generates 

the files for the analysis to be performed, this alternative creates a database entry for a mix 

expecting the selection of FlexMAT™ files to complete the material characterization, without 

further analyses required. Figure 75 shows the screen through which users may perform these 

actions. 
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Figure 75: Load FlexMAT data for mix approval screen. 

Also like the screen shown in Figure 57, for the same reasons as in alternative 1, the 

selection of FlexMAT™ files is made through the two buttons at the bottom, that, when loaded, 

will update the checkboxes beside them with a check mark, indicating existence of the file in the 

selected mixture’s database entry and update the list of characterized models accordingly. 

Alternative 3, ‘I want to see/modify existing materials that I have previously loaded into 

my mix approval database’: will change screens into a database management screen where the 

user will have access to any mixture previously added to the mixture approval database. The 

database management screen allows the user to rename mixtures, delete mixtures and show the 

calibrated models with the respective coefficients (when available). Figure 76 presents that 

screen. 
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Figure 76: Handling screen of mix approval’s material database. 

Alternative 4, ‘I want to check the approval conditions of a mix previously added to my 

mix approval database’: this alternative starts the process of mix approval, redirecting the user to 

the protocol selection screen of Figure 77. Because Protocols B and C are still under 

development, their alternatives are still locked but, once implemented their selection is going to 

be made through the screen of Figure 77. 
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Figure 77: Protocol selection screen for mix approval. 

Selecting a protocol will update the ‘Informational’ textbox with a summary of what is 

expected of the respective mix approval procedure for the selected protocol. This feature was 

designed to provide the users with a brief in-program guidance on the protocol selection. When 

ready, clicking on the ‘Start Mix Approval’ button will take the user to the analysis screen, 

shown in Figure 78. 
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Figure 78: Protocol A’s, mix approval screen. 

As previously mentioned, protocol A’s mix approval procedure is based on indices. A 

comparison between a threshold value and the calculated index will determine if the mixture is 

approved or not. For RSI, the calculated value needs to be smaller than the threshold, whereas 

for Sapp, the calculated value needs to be greater than the threshold. The objective of the screen in 

Figure 78 is to guide the user towards this process of index calculation and threshold limit 

comparison. Table 22 presents a summary of the user available actions and their respective 

functionalities and requirements. 
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Table 22: Summary of Actions on Protocol A’s Mix Approval Screen 

Action Functionality Requirement 

Mixture Selection 

(Drop-down list on 

Cell B2) 

Select the mixture submitted for 

approval among the available 

optimum condition mixes added 

to the mixture approval database 

Mixture existence on the mix approval 

database 

Sapp Threshold 

Definition 

(Cell B5) 

Determine the minimum 

allowable value for Sapp for the 

mix to be approved with respect to 

fatigue cracking 

- 

RSI Threshold 

Definition 

(Cell B6) 

Determine the maximum 

allowable value for RSI for the 

mix to be approved with respect to 

permanent deformation 

- 

State Definition 

(Cell B7) 

Update the list of cities selection 

(Cell B8) to match selected state 
- 

City Definition 

(Cell B8) 

Determine the temperature profile 

used in the calculation of Sapp and 

RSI 

- State selection (cell B7) 

Layer Type 

Definition 

(Cell B9) 

Determine the type of layer used 

in RSI calculation. 
- 

Run Sapp Analysis 

(Button) 

Calculate Sapp value for the 

selected mix 

- Mixture Selection (cell B2) 

- State Selection (cell B7) 

- City Selection (cell B8) 

- Dynamic modulus model 

characterization in FlexMAT™ 

Cracking 

- Fatigue cracking model 

characterization in FlexMAT™ 

Cracking 

Run RSI Analysis 

(Button) 

Calculate RSI value for the 

selected mix 

- Mixture Selection (cell B2) 

- State Selection (cell B7) 

- City Selection (cell B8) 

- Layer Type Selection (cell B9) 

- Permanent deformation model 

characterization in FlexMAT™ Rutting 

 

The results of the actions performed in the mix approval screen are updated into ‘Table 

10. Mix Approval Results’, which presents a simple compilation of: (1) the index values 

calculated using the buttons ‘Run Sapp Analysis’ and ‘Run RSI Analysis’; (2) the mix approval 

result, based on the threshold limits selected; and (3) the traffic tier, based on the recommended 

thresholds for each index, given in Table 23 for Sapp and in Table 24 for RSI. 
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Table 23: Recommended Threshold Values for Sapp Fatigue Index Parameter. 

(Source: Federal Highway Administration – Techbrief 2019) 

Traffic (million ESAL) Sapp Limits Tier Designation 

Less than 10 Sapp > 8 Standard S 

Between 10 and 30 Sapp > 24 Heavy H 

Greater than 30 Sapp > 30 Very Heavy V 

Greater than 30 and slow traffic Sapp > 36 
Extremely 

Heavy 
E 

 

Table 24: Recommended Threshold Values for RSI. 

(Source: Ghanbari et al. 2020) 

Traffic (million ESAL) 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 that these limits are not enforced in PASSFlex™, but recommended, such that 

passing or failing approval is determined by the input thresholds, which are completely up to the 

user’s discretion. The determined tier is calculated regardless of the threshold values selected by 

the user and do not affect the comparison with the thresholds. 

Figure 79 presents a flowchart summarizing the mix approval procedure described. 
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Figure 79: Protocol A’s, mix approval flowchart. 
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3.4.4 Adjust Payment Using QA Data 

The final stage of the PRS framework developed in PASSFlex™ is the prediction of the 

pay adjustment factors using AQCs. Like its previous stages, ‘Develop Material Database’, 

‘Develop PRS’ and ‘Approve Mix’, ‘Adjust Payment Using QA Data’ is an action taken from 

the initial screen of the program with a dedicated button for it.  

The goal of this procedure is to use one of the developed PRS projects to calculate the 

amount of incentive or disincentive relative to a determined volume of constructed material, 

based on the construction quality of a representative sample of that material. Evidently, to obtain 

the pay adjustments of a given mix, the project developed in the ‘Develop PRS’ stage needs to be 

complete, i.e., the final step (pay table generation) is a requirement for the calculation of the pay 

factors of as-built material. 

Clicking on the ‘Adjust Payment Using QA Data’ activates the screen shown in Figure 

80, for the selection of the PRS project. This list contains all of the PRS projects existing on the 

database, including any projects that may not have been finalized. However, if an incomplete 

project is selected, a warning message will be shown on screen, specifying the necessary parts of 

the project that are missing and where the user should navigate to in order to complete the 

project.  

 

 

Figure 80: PRS project selection screen for pay adjustment. 

In Protocol A, the project needs to have (1) IVR model calibration parameters, (2) a cost 

model and (3) a design life. When a project is successfully loaded, all the steps in that project’s 

pay table development are going to be loaded alongside with the screen shown in Figure 81, so 

that the user can review details of interest in that PRS project while inputting the information for 

the calculation of the pay adjustments.  

 



120 

 

 

 

Figure 81: Protocol A’s, pay adjustment calculation screen. 

Table 25 presents the possible actions on this screen. Notice that both available actions 

will activate auxiliary screens in which inputs and modifications can be passed to the program by 

the user. Direct modifications of the screen presented in Figure 81 are not expected. 

Table 25: Summary of actions on Protocol A’s payment adjustment screen. 

Action Functionality Requirement 

Add New QA Data 

(Button) 

Loads the input screen for the 

insertion of a new representative 

sample’s AQCs, needed to 

calculate that sample’s pay factor.  

- 

Modify Existing 

QA Data 

(Button) 

Loads the modification screen 

used to update values previously 

added to the calculation table. 

Existence of one or more sets of QA 

data in ‘Table 13. Index-Based Pay 

Adjustment’. 

 

Clicking on the ‘Add New QA Data’ button will activate the screen presented on Figure 

82, responsible for adding new QA data for calculation of the pay factor for a representative 

sample. To have the pay factor calculated, the user is required to input an identifier for the 

sample, under ‘New QA Data ID’, and input the three currently implemented volumetric 

characteristics used to calculate VMAIP and VFAIP, under the ‘Quality Assurance Inputs’ block. 

The volumetric conversion is performed automatically once the three inputs are given. Clicking 

the button ‘Done’ will add the data to the pay adjustment table on the previous screen, where a 

summary of the relevant information is provided in the row identified by the selected ID.  
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Figure 82: AQC input screen for field representative sample. 

Current PASSFlex™ implementation of these calculations are deterministic in nature and 

how a “representative sample” is defined, is open to the user’s interpretation. It is important to 

note that the deterministic implementations taken so far in the current framework are related to 

the on-going nature of the project and not to an understanding that defining the calculated 

quantities deterministically is a “better” approach than stochastically. Much on the contrary, the 

variability existent in asphalt materials and in construction is a factor that should be accounted 

into the determination of QA elements and is envisioned to be implemented in evolving versions 

of the software. 

 The second and last action is related to modifying data previously added, through the 

screen presented in Figure 83. This includes modifying values of the inputted AQCs for any 

sample added, deleting individual samples and deleting all the information existing in the table. 
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Figure 83: AQC modification screen for pay factor calculation. 

The user can select which of the existing data to be modified, and any modifications will 

take place on the previous screen only after the user clicks one of the buttons. The buttons for 

deleting data execute actions that cannot be reverted, and, for that reason, a confirmation is 

requested before executing the action. When all the desired modifications are done, clicking the 

button ‘Done’ will take the user to the previous screen. 

3.5 PASSFlex™ Strengths 

This section highlights the strengths of the PASSFlex™ system presented, including its 

software suite. The identified strengths are: 

a. Consideration of four of the most important distresses of AC mixtures and 

pavements: (1) load-related cracking (both top-down and bottom-up), (2) thermal 

cracking, (3) rutting and (4) aging. 

b. Usage of 2S2P1D model for dynamic modulus characterization, which allows 

asymmetric predictions, solving higher modulus predictions shortcomings from 

the traditional sigmoidal model. 

c. The use of the S-VECD model for the consideration of viscoelastic and damage 

effects on the stress-strain behavior of asphalt concrete in a fundamental 

relationship, independent of mode of loading, loading amplitude, and loading 

history. 
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d. Multiple level alternatives for the characterization of aging and thermal 

contraction models, including three alternatives to accommodate different model 

calibration accuracy and lab effort requirements. 

e. Seamless calculation of two indices, Sapp and RSI, for a simplified perspective of 

a mixture’s ability to perform, based on project characteristics and mixture’s 

cracking and rutting properties. 

f. Simplification and accuracy of the models’ calibration process by using AMPT 

machine for laboratory testing and FlexMAT™ for material characterization 

analysis. 

g. The fundamental approach in material characterization, creating the foundation 

for sound mechanistic predictions, that can be applied into an outline that includes 

mixture design, pavement simulation and quality assurance elements, based on 

consistent scientific principles.  

h. A centralizing framework that combines and applies three different software: (1) 

FlexMAT™ for material characterization; (2) FlexPAVE™ for pavement 

simulation; and (3) PASSFlex™ for PRS development.  

i. The Fourier finite element approach used in FlexPAVE™ allows the efficient 

consideration of the individual layer properties characterized, in a multi-layered 

structure, calculating the structure performance as a combination of its elements. 

j. The PASSFlex™ software includes flexibility in the absorption of the expected 

changes in its source code and updates from its other related software.  
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CHAPTER 4: ILLUSTRATIVE EXAMPLE OF PRS USING PASSFLEX™ 

This chapter will present an illustrative example with real AMPT tested data, simulating 

the usage of PASSFlex™ in real situations, passing through all the steps in the PRS framework 

implemented. The objective of this chapter is to provide the reader a better understanding of the 

current state of implementation, bringing to light possible strong/weak points in the approach 

adopted and clarifying possible points of confusion created in the previous sections.  

To use PASSFlex™, an overarching PASSFlex™ folder with the program and the source 

folder are required in one of the directories in the user’s computer. Figure 84 presents an 

example of the expected folder structure. To access PASSFlex™’ initial screen, simply opening 

‘PASSFlex™.xlsm’ will do that. 

 

 

Figure 84: PASSFlex™ folder example. 

For the example followed in this chapter, the AMPT performance testing results from one 

of the mixtures presented in the work of Wang et al. (2019) are going to be used as basis for the 

analyses carried. Four volumetric conditions of that mixture were selected from the available 

data and are presented in Table 26, forming the volumetric space previously defined as the four-

corners. The selected mixture is a fine-graded 9.5 mm NMAS with typical characteristics of a 

surface mix from North Carolina (US), RAP content of 30% and virgin binder with PG 58-28. 

Table 26: Four-corner volumetric characteristics adopted for the example. 

(Source: Adapted from Wang et al. 2019) 

Volumetric 

Condition 

VMA at Ndes 

(%) 

Va at Ndes 

(%) 

Va in-place 

(%) 

CALUW 50-33 17.4 3 3.3 

CALUW 50-55 17.2 5 5.4 

CALUW 70-33 15.3 3 2.9 

CALUW 70-55 15.7 5 4.7 

 

The nomenclature adopted is based on three key points. The first point is a gradation 

identification: “CALUW X”, connoting the coarse aggregate loose unit weight (CALUW) value 

of X (50 or 70 for the selected cases). The second and third key points are the remaining 
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numbers which, sequentially, indicate the target air void content at Ndes (5 or 3 for the example) 

and the target in-place air void content (5 or 3, as well).  

Because the focus of this chapter is on PASSFlex™’ usage, the FlexMAT™ analysis 

steps will not be included in this example. This approach simulates one possible scenario in the 

workflow of a project, in which the material analysis step is performed by a work team (e.g., a 

consulting company) different from the work team responsible for the generation of the pay 

tables, mix approval and pay factor calculation (e.g., state highway agency). The assumption 

underlying this approach, is that the set of FlexMAT™ files shared between the two hypothetical 

teams has been verified for validity of the data and includes the models needed for calibration of 

the IVRs, which, for this example, is true. 

There are in total eight FlexMAT™ files: one FlexMAT™ Cracking file and one 

FlexMAT™ Rutting file, for each condition. Figure 85 illustrates a folder containing all the 

FlexMAT™ files that are going to be used. Notice that a consistent nomenclature between 

FlexMAT™ files and volumetric conditions, although not necessary, is highly recommended. 

 

 

Figure 85: FlexMAT™ files used in the PRS development with PASSFlex™. 

These are the files that are going to be used for the example in the following sections. 

4.1 Example of Four-Corner Database Development 

The first stage in PASSFlex™’ framework, is the development of the database of 

mixtures. This means that, for this example, the FlexMAT™ files for the volumetric conditions 

need to be added to the database. Details on the development of the PASSFlex™’ functionality 

used for that can be found in section 3.4.1, but in this example, the path followed is given by 

Figure 86, which is the adequate one, for when FlexMAT™ files are going to be used as input 

for the volumetric conditions. 
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Figure 86: Initial path selection for database development with FlexMAT™ files: 

a) flowchart; b) action filter screen. 

Following these steps brings open the screen of Figure 87 b). The flowchart of Figure 87 

a) indicates the procedure to: (1) adding a new category named “RS9.5”, indicative of a surface 

mixture with RAP and NMAS of 9.5 mm; (2) adding a mixture ID named “30% RAP – NC”, 

indicative of the RAP content and state where it was designed; and (3) adding the first 

volumetric condition, “CALUW 50-33”, based on the nomenclature previously discussed. 
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Figure 87: Category-Mix-Condition database entry: 

a) flowchart; b) input screen. 

Adding a new condition is presented in a simplified manner in Figure 87 a). To add 

CALUW 50-33 into the database, the screen of Figure 88 is used, in which the calculation of 

VMAIP and VFAIP is automatically carried once the three AQCs are inputted. Clicking the button 

‘Done’ adds the condition to the database, creating a specific database folder for the files related 

to that condition. 
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Figure 88: CALUW 50-33 volumetric characteristics entry. 

 The next step is adding the FlexMAT™ files to the volumetric condition created. Doing 

that is simply a matter of clicking the action buttons ‘Save FlexMAT™ Cracking to Database’ 

and ‘Save FlexMAT™ Rutting to Database’ and respectively selecting the “FlexMAT™-

Cracking v2.1 - CALUW50-33.xlsm” and “FlexMAT™-Rutting v2.1 - CALUW50-33.xlsm” 

presented in Figure 85 through the file selection screen that becomes active after clicking the 

buttons. This procedure and the respective updates on the screen are shown in Figure 89 a) and 

Figure 89 b), respectively.  
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Figure 89: Save FlexMAT™ files into database for CALUW 50-33: 

a) flowchart; b) input screen. 

The check mark beside the buttons indicates that the files have been loaded into the 

database, and the check marks beside the ‘Dynamic Modulus’, ‘Fatigue Cracking’ and 

‘Permanent Deformation’ indicate that those models are fully characterized in the loaded 

FlexMAT™ files.  

This process is then repeated for the other three conditions, CALUW 50-55, CALUW  

70-33 and CALUW 70-33 and the respective files. After all the conditions have been added to 

the database, a quick verification of the data added is performed, by going back to the main 

screen, clicking on the ‘Develop Material Database’ button, and selecting the option “I want to 

see/modify existing materials that I have previously loaded into my material database” 

alternative. If the four conditions were successfully added to the database, they should be 

available under the ‘Mix Condition Selection’ drop-down list, after “RS9.5” and “30% RAP – 



130 

 

 

NC” are selected as mix category and mix id. Then, selecting different conditions will show 

which models have been calibrated on each volumetric condition and the respective coefficients, 

as shown in Figure 90. 

 

 

Figure 90: Material database verification for “RS9.5” category and “30% RAP – NC” mixture 

conditions. 

4.2 Example of Pay Table Generation 

Once at least one mixture has four-corners’ data included into the database creating a pay 

table becomes possible. To do that the ‘Develop PRS’ button (on the initial screen) should be 

clicked and then, in the following screen, the ‘Create a New Project’ button. To finalize the 

projects creation, the project should be named, and a protocol selected. Figure 91 a) presents a 

flowchart with these steps and Figure 91 b) the protocol selection screen for protocol selection 

and project naming. For the current example the project received the name “RS9.5 NC, Protocol 

A Example”.  
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Figure 91: New PRS project creation. a) Flowchart; and b) Protocol selection screen. 

After the ‘Start a New Protocol’ button is clicked, the project is saved into the database, 

and Step 1 of Protocol A, initialized.  

The objective of Step 1 in protocol A is the calculation of the indices, Sapp and RSI, for at 

least four of the existing volumetric conditions so that Step 2 can be executed. To do that, a 

mixture needs to be selected from the database, the pavement’s physical location needs to be 

determined and a layer type needs to be defined. In the case of the example being developed, the 
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mix used is the one added previously to the database under the “RS9.5” category, mix “30% 

RAP – NC”.  

The state of the project is going to be chosen as North Carolina, since the mixture is 

originally from there, the city is going to be arbitrarily chosen as North Carolina’s capital, 

Raleigh and the layer type as surface, also because of its original design characteristics. After 

these inputs are selected, Sapp and RSI can be calculated by clicking the calculation buttons, ‘Run 

Sapp Analysis’ and ‘Run RSI Analysis’, respectively. 

Figure 92 presents a flowchart of the inputs selected and analysis order executed. The 

order of execution for Sapp and RSI analysis is not relevant, as long as the project characteristics 

are all defined.  

 

Figure 92: Input and analysis procedure on Protocol A’s Step 1. 

When any of the indices’ analysis is complete, the outputs are updated into the mixture’s 

table body. Figure 93 presents a screenshot on the inputs’ details.  
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Figure 93: Details of the selected project characteristics input. 

Table 27 presents a summarized version of table presented in PASSFlex™’ screen, with 

the calculated indices result for each of the conditions. 

Table 27: Indices calculation results for each volumetric condition of 30% RAP – NC mix. 

Condition Sapp RSI 

CALUW 50-33 30.9 9.4 

CALUW 50-55 20.5 6 

CALUW 70-33 19.8 5.9 

CALUW 70-55 11.9 3.7 

 

After the indices are calculated, the ‘Step 2: Fit IVR’ button is clicked and the IVR fitting 

procedure starts automatically. After a few moments, Step 2’s screen is shown with the 

calibrated coefficients for Equation (64), given in Table 28. 

Table 28: IVR calibration coefficients for 30% RAP – NC mix. 

Coefficient 
Cracking 

IVR 

Rutting 

IVR 

β0 -1.08E+02 -3.24E+01 

β1 4.27E+00 1.26E+00 

β2 7.72E-01 2.37E-01 

 



134 

 

 

Step 2’s screen also contains other relevant information, including error between fitted 

and calculated values and plots for visual verification of the fitting quality. Figure 94 presents an 

overview of the IVR fitting screen. 

 

 

Figure 94: IVR fitting screen overview for 30% RAP – NC mix. 

‘Table 5. IVR Verification’ at the bottom of the screen in Figure 94 presents a summary 

of predictions and calculated values for each condition with the percent error between them. 

These values are summarized in Table 29 for easiness of reading.  
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Table 29: Summarized IVR prediction quality for 30% RAP – NC mix. 

Condition Sapp RSI 
Predicted 

Sapp 

%Error 

Sapp 

Predicted 

RSI 

%Error 

RSI 

CALUW 

50-33 
30.9 9.4 30.88 0.07% 9.29 1.12% 

CALUW 

50-55 
20.5 6 20.53 0.13% 6.13 2.10% 

CALUW 

70-33 
19.8 5.9 19.82 0.12% 6.01 1.94% 

CALUW 

70-55 
11.9 3.7 11.87 0.23% 3.56 3.65% 

 

After the IVR functions have been calibrated, the next step is creating the index tables. 

To do that the ‘Step 3: Index Tables’ is clicked and the values from the ‘Suggested Limits’ 

alternative are taken, as shown in Figure 95. 

 

 

Figure 95: Volumetric range selection for index tables of 30% RAP – NC mix. 

Figure 96 a) and Figure 96 b) show the Sapp and RSI tables generated from the indices 

selected, based on the IVR functions calculated, present on step 3’s screen. 
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Figure 96: Index tables generated through 30% RAP – NC mix’ IVR predictions for:  

a) Sapp and b) RSI. 

As mentioned in section 3.4.2, the life prediction method implemented is a dummy 

function created simply to be a placeholder for an actual method capable of converting indices 

into life predictions. However, since the objective of this chapter is illustrating PASSFlex™’ 

usage, the results are going to be shown with the caveat of being completely fictional, simply for 

demonstrational purposes. Figure 97 presents the fictional life table generated in this step. 
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Figure 97: Life table generated from index tables of the 30% RAP – NC mix. 

Following the life table generation, is step 5, the cost model definition. A slight 

modification of the default cost model is going to be made. Table 30 presents the modifications 

made to the default model. 

Table 30: Default and updated cost model points used in the illustrative example. 

Default Cost 

Model PLD 

Default Cost 

Model %I/D 

Updated Cost 

Model PLD 

Updated Cost 

Model %I/D 

-10 70 -10 70 

-5 70 -8 70 

-2 100 -5 80 

2 100 -2 100 

6 110 2 100 

10 110 6 110 

- - 10 110 

 

Figure 98 a) indicates the changes made in the designated cost model modification 

screen, by adding an intermediate point in the disincentive side that changes the start of the 

disincentive plateau region to -8 years of life difference and modifying and modifying another 

point to introduce another a less steep slope -5 and -8 years. Those modifications can be 

visualized in Figure 98 b) that shows the effect of the modified and added points in the cost 

model plot. 



138 

 

 

 

Figure 98: Cost model modification from default to updated at:  

a) Update screen and b) ‘Cost Model’ plot. 

With the cost model set, the final step is initialized by clicking on the ‘Step 6: Pay Table’ 

button. This action brings up the final screen of the ‘Develop PRS’ path, with a default value of 

20 years for the design life. This value is going to be changed into a design life of 18 years, 

where an incentive region becomes a little more evident, with %I/D values greater than 100% at 

the volumetric region of VMAIP ≈ 15.5% and VFAIP ≈ 72.4%, as can be seen in Figure 99. 

Discussions on the validity of these values have reduced meaning, since the table is based on a 

life prediction function that is not validated.  
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Figure 99: Pay table screen for 30% RAP – NC mix. 

Regardless of the specific life values generated, ‘Table 9. Pay Table’ has a very important 

role in a PRS project, where contractors can create the connection between volumetric AQCs and 

payment. Using this table, a contractor can, theoretically, optimize the payment for its product, 

balancing VMAIP and VFAIP (and consequent %I/D) and costs of production/construction, for 

maximum payment. Of course, the design of reasonable cost models on the agencies’ side is also 

critical in this process, since it is the bond between performance prediction and payment, setting 

the range of payment in which the contractor’s optimization effort will happen. 

To finalize the PRS project, clicking on the button ‘Save Project’ in any of the steps will 

update the project file with the current selection of parameters and a message like the one shown 

in Figure 100 will be shown to confirm the update. 

 

 

Figure 100: Save project confirmation screen. 
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4.3 Example of Mix Approval 

The first step in mix approval, is adding the mix to be approved to the database. For this 

example, one of the four-corners’ volumetric condition is going to be used as optimum mix 

design and submitted for approval. According to Table 27, CALUW 50-55 presents an 

intermediate balance between high Sapp and low RSI among the volumetric conditions existing 

and, for that reason is going to be used for the development of the example. Henceforth, 

CALUW 50-55 is going to be referred to as “optimum condition” for the purposes of mix 

approval. 

Figure 101 presents the sequence of steps taken to add the optimum condition mix to the 

mix approval’s database of mixes. 
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Figure 101: Optimum condition database entry flowchart. 

Figure 102 shows how the loading screen after the procedure described for creating a 

database entry of an optimum condition for approval. 
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Figure 102: Input screen for saving FlexMAT™ files into database for optimum condition. 

With the mixture added to the database, the next step is to determine its indices and check 

its approval results. Figure 103 presents the steps of selection of protocol from the initial screen. 

 

 

Figure 103: Protocol selection for mix approval’s flowchart. 

In the mix approval screen, the example mix is going to be tested for two different traffic 

conditions: “Heavy” and “Standard”, following the indices limits given in Table 23 and Table 

24.  
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Figure 104 shows the results and inputs for the approval of the optimum condition under 

“Heavy” traffic designation. 

 

 

Figure 104: Mix approval verification screen for selected optimum condition under “Heavy” 

traffic designation. 

‘Table 10. Mix Approval Results’ summarizes the results for the conditions analyzed of 

the optimum condition. Note how the calculated value for Sapp falls below the threshold limit 

given for the traffic designation and, therefore, the “FAIL” status is printed, indicating that the 

submitted optimum condition is not recommended for heavy traffic level in terms of fatigue 

cracking. Similarly, the calculated RSI value is higher than the threshold limit and also shows the 

“FAIL” status, indicating that the optimum condition is not adequate for heavy traffic levels in 

terms of rutting. In the “Tier” row, the designation “Standard” appears for both indices, 

indicating that the approved mix is expected to pass the limit thresholds for standard traffic 

levels. 

When the indices’ thresholds for heavy traffic level are replaced for those of standard 

levels, observe, in Figure 105, that the approval results change from “FAIL” to “PASS” on both 

indices. This indicates, as predicted by the tier classification, that for standard levels of traffic the 
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optimum condition mix is expected to perform well for both distresses: fatigue cracking and 

rutting. 

 

 

Figure 105: Mix approval verification screen for selected optimum condition under “Standard” 

traffic designation. 

It should be noted, once again, that these results are specific for the climatic conditions 

selected. Changing city and state may change the tier classification as a reminder that Sapp and 

RSI are not material properties but indices that change with the characteristics of the project in 

which they are evaluated. 

4.4 Example of Pay Adjustment Calculation 

The pay adjustment calculation is independent from the mix approval procedure, but not 

from the ‘Develop PRS’ procedure. A project needs to have been fully developed in order to 

calculate the pay adjustment from a material sample. For this example, the project developed in 

section 4.2 is going to be used. 

To enable the pay adjustment calculation, the steps are given in Figure 106 a), and the 

project selection screen for loading project “RS9.5 NC, Protocol A Example”, in Figure 106 b). 
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Figure 106: Project selection for pay adjustment factors calculation: 

a) flowchart; and b) project selection screen. 

As an illustrative example, six different fictional lots are going to have their pay factors 

calculated, simulating in-place conditions with variability in their in-place density (VaIP) 

deviating their volumetric conditions from that of the optimum condition and, consequently, 

affecting their calculated indices and pay factors. The optimum condition selected is the same as 

the one used during the mix approval simulation, CALUW 50-55. Table 31 provides the AQCs 

for each simulated lot. 

 Table 31: Summarized IVR prediction quality for 30% RAP – NC mix. 

Sample ID 
VMA at Ndes  

(%) 
Va at Ndes Va in-place 

Lot 6 17.4 5 3.9 

Lot 5 17.4 5 5.1 

Lot 4 17.4 5 4.6 

Lot 3 17.4 5 4.8 

Lot 2 17.4 5 5.2 

Lot 1 17.4 5 5 

 



146 

 

 

To add a new QA data to the table in the pay adjustment screen in PASSFlex™, the ‘Add 

New QA Data’ button is clicked and the information for each lot added to the respective box. 

Figure 107 presents an example of input for “Lot 1”. 

 

 

Figure 107: AQC input of “Lot 1” for pay factor calculation. 

When the other five lots are added, the pay adjustment screen obtained is the one 

presented in Figure 108. 

 

 

Figure 108: Pay adjustment screen with calculated pay factors. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

This chapter presents an overview of the work developed, summarizing strengths and 

weaknesses and compiling points that require modifications with a discussion of oncoming 

evolutionary steps.  

In summary, the objective of this work was to create a software capable of combining: (1) 

the existing knowledge in performance related specifications; (2) advanced characterization 

models for the main distresses existent in asphalt pavements; (3) lab generated data from AMPT 

performance testing; and (4) the existing software capable of generating the inputs needed for the 

calculation of the related PRS elements. Identifying the needs from each of these parts and 

designing a software environment capable of handling these needs was the major challenge 

present in this work. The strategies adopted for the development of this software have been 

evolving around the interaction between the following main tasks: 

• Development of a database management functionality for handling the AMPT 

data used during the analysis steps; 

• Interfacing with the external software used in the required analyses; 

• Development of a “step-by-step” routine for generation of the desired PRS 

elements (pay tables, mix design approval, pay factors). 

There are two underlying philosophies adopted during the development of PASSFlex™: 

(1) implementing its designed functionalities to logically guide the users on how to proceed to 

each following step until the local user-objectives are reached; and (2) making the software safe 

and accessible for users with disabilities, endeavoring to simplify the process of accommodating 

section 508 compliance (law 29 U.S.C. §794d. - Electronic and information technology).  

5.1 Current State of Implementation 

The following points can be highlighted about the current implementation state: 

• A graphical user interface has been developed based on Microsoft Excel’s and 

Visual Basic for Applications, combining conceptual elements present in 

FlexMAT™ and FlexPAVE™, so that user experience from these software can be 

translated into PASSFlex™, generating a sense of intuition on how to navigate it; 

• An environment for storage of mix information from AMPT testing of the four-

corners and optimum conditions was developed, creating a direct connection with 

FlexMAT™ files, where the user can efficiently go through a summary of the 

data existent without the need of opening FlexMAT™ files. If needed, however, 

the database environment also allows access to the FlexMAT™ files stored for an 

in-depth verification; 

• Two separate mix database structures were developed: (1) the four-corner 

material database, used on the “Develop PRS” functionality, which uses a 

parenting folder structure scheme, where volumetric conditions exist inside a 

mixture, and mixtures, inside categories; and (2) the optimum condition material 
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database, used on the “Approve Mix” functionality, in which each mixture is an 

end directory, not necessarily related to any entry of the “Develop PRS” database. 

This “decoupling” approach allows users to use the “Approve Mix” functionality 

without the database development or analysis of the “Develop PRS” functionality. 

• The “Develop PRS” tool implemented sets an interactive, straight forward step-

by-step routine for the generation of the pay tables, in which users that are not 

accustomed to PRS concepts can be guided through the protocol implemented 

(and future protocols to come). 

• Although other protocols exist and can be more sophisticated in terms of analysis 

and results, the present version was developed based only on Protocol A. 

However, the implementation of Protocols B and C, which involve the use of 

pavement simulation analysis through FlexPAVE™ v2.0 is envisioned. For that 

reason, during the development of the current version, placeholders and strategies 

for incorporating the other protocols have been set so that these additions can be 

done more easily when the engine for those implementations is ready to be 

implemented. 

• Deterministic analyses were adopted for the pay table generation and the pay 

adjustment calculations based on as-constructed AQCs. 

• The “Approve Mix” functionality was designed to simplify the process of 

verification of adequacy of a mixture through the calculated fatigue cracking and 

rutting indices. PASSFlex™ calculates the indices with its own algorithms, 

ignoring the eventual project characteristics and indices existent in the 

FlexMAT™ files of the database, in case they exist. This decision was made 

under the philosophy that FlexMAT™ is a tool for material properties calibration 

and, as project specific quantities, indices should be calculated when a project is 

defined through its PASSFlex™ algorithm. 

• The “Adjust Payment Using QA Data” functionality takes the project created with 

the “Develop PRS” functionality and, in combination with as-constructed AQCs, 

calculates the amount of incentive or disincentive that is related to a given 

representative amount of material. It is important to remark that the results 

coming from this analysis are not currently valid, because of the simplifications 

taken in the conversion of indices into pavement life discussed in the main body 

of this work. 

• The “Utilities” functionality serves as toolbox for other PRS related software, 

with the vision of making PASSFlex™ a centralizing software for PRS related 

activities. Current implementation counts with FlexMAT™ v2.1 (Cracking and 

Rutting) which is under review for public release by the Federal Highway 

Administration and is expected to be released later this year (2021). 
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5.2 Missing Elements in Current Implementation 

The following points identify elements that could not be implemented during this work’s 

development, indicating the respective implementation challenges associated with these 

elements. These are required components in the envisioned complete version of PASSFlex™, 

and expected to be included in the versions to come. 

• Protocols B and C: the inclusion of these alternative protocols is a certainty in the 

evolution of PASSFlex™. They are, in a sense, evolutions of Protocol A in 

which, instead of relying only on material level analysis (FlexMAT™) and 

indices (Sapp and RSI), have their pay table generation and the mix approval steps 

using pavement level simulation (FlexPAVE™) for life prediction. The difference 

between protocols B and C is given at the construction stage, where (1) protocol 

C includes periodic AMPT performance testing for capturing differences in 

material performance that are not captured by traditional AQCs, and (2) protocol 

B follows the same approach of protocol A, calculating the 

incentives/disincentives based on the calibrated volumetric relationship and 

measured in-place AQCs. The expected challenges of Protocols B and C 

implementations in PASSFlex™ comprise: (1) the development of GUI elements 

for the inclusion of the structure design associated with the pavement simulation 

needs; (2) the connection (i.e., reading and writing) with FlexPAVE™ v2.0 for 

pavement simulation; and (3) the database update needed for the storage of two 

new branches of projects, in terms of PRS project and in terms of the elements 

needed in FlexPAVE™’s own projects; 

• Statistical analysis: the deterministic approach implemented does not reproduce 

the actual existing variability in several of the major factors that command the 

results generated (e.g., indices). For example, in-place air-voids are known to 

have stochastic behavior thus, instead of treating this quantity as a single 

deterministic value (even if that value is an average, or median, etc.), regarding it 

as a probabilistic distribution function and treat it within a reliability level would 

likely make the results better suited for realistic usage. The implementation of a 

probabilistic approach in PASSFlex™ involves a few challenges inexistent in the 

deterministic approach, such as the implementation of probabilistic simulations 

(e.g., Markov Chain Monte-Carlo simulations for correlated variables), or the 

management of a database with historical information collected from state 

highway agencies and contractors; 

• Life prediction from indices: in section 3.4, during the description of the 

implementations, the conversion from indices to life prediction is identified as a 

missing point in the analysis, being replaced by a non-validated dummy function, 

so that the framework can be set, even without this step’s full implementation. 

This is, however, a very important point in terms of validity of results, since every 

analysis (in protocol A) after this step depends on the predicted life. The process 
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of calculating life from indices becomes challenging because of the premise of 

protocol A of not using FlexPAVE™ analysis, i.e., not involving pavement 

simulations, which makes the generation of a reliable life prediction a non-trivial 

task. 

5.3 Concluding Remarks 

This work presented the development of the current PASSFlex™ version. It is evident 

that the developed software is an initial step in substantiating the complete PASSFlex™ system, 

setting a framework for the generation of the QA elements used to ensure the expected pavement 

performance, combining AQCs and performance testing into pay adjustments.  

The software generated during this work is fully functional in terms of the implemented 

operations and has accomplished its objectives, creating an environment capable of self-adjusting 

to updates of the existing parts, and accommodating the implementation of the missing parts yet 

to come. However, parts of PASSFlex™’s engine are still under development and not ready for 

software implementation and, for that reason, a validated, ready-for-application version of 

PASSFlex™ is not yet a reality. 
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