
 

  

ABSTRACT 

NASCIMENTO, LUIS ALBERTO HERRMANN DO. Implementation and Validation of the 

Viscoelastic Continuum Damage Theory for Asphalt Mixture and Pavement Analysis in 

Brazil. (Under the direction of Dr. Y. Richard Kim). 

This dissertation presents the implementation and validation of the viscoelastic 

continuum damage (VECD) model for asphalt mixture and pavement analysis in Brazil. It 

proposes a simulated damage-to-fatigue cracked area transfer function for the layered 

viscoelastic continuum damage (LVECD) program framework and defines the model 

framework’s fatigue cracking prediction error for asphalt pavement reliability-based design 

solutions in Brazil. 

The research is divided into three main steps: (i) implementation of the simplified 

viscoelastic continuum damage (S-VECD) model in Brazil (Petrobras) for asphalt mixture 

characterization, (ii) validation of the LVECD model approach for pavement analysis based 

on field performance observations, and defining a local simulated damage-to-cracked area 

transfer function for the Fundao Project’s pavement test sections in Rio de Janeiro, RJ, and 

(iii) validation of the Fundao project local transfer function to be used throughout Brazil for 

asphalt pavement fatigue cracking predictions, based on field performance observations of 

the National MEPDG Project’s pavement test sections, thereby validating the proposed 

framework’s prediction capability. 

For the first step, the S-VECD test protocol, which uses controlled-on-specimen 

strain mode-of-loading, was successfully implemented at the Petrobras and used to 

characterize Brazilian asphalt mixtures that are composed of a wide range of asphalt binders. 

This research verified that the S-VECD model coupled with the G
R
 failure criterion is 



 

  

accurate for fatigue life predictions of Brazilian asphalt mixtures, even when very different 

asphalt binders are used. Also, the applicability of the load amplitude sweep (LAS) test for 

the fatigue characterization of the asphalt binders was checked, and the effects of different 

asphalt binders on the fatigue damage properties of the asphalt mixtures was investigated. 

The LAS test results, modeled according to VECD theory, presented a strong correlation 

with the asphalt mixtures’ fatigue performance.  

In the second step, the S-VECD test protocol was used to characterize the asphalt 

mixtures used in the 27 selected Fundao project test sections and subjected to real traffic 

loading. Thus, the asphalt mixture properties, pavement structure data, traffic loading, and 

climate were input into the LVECD program for pavement fatigue cracking performance 

simulations. The simulation results showed good agreement with the field-observed 

distresses. Then, a damage shift approach, based on the initial simulated damage growth rate, 

was introduced in order to obtain a unique relationship between the LVECD-simulated 

shifted damage and the pavement-observed fatigue cracked areas. This correlation was fitted 

to a power form function and defined as the averaged reduced damage-to-cracked area 

transfer function. 

The last step consisted of using the averaged reduced damage-to-cracked area transfer 

function that was developed in the Fundao project to predict pavement fatigue cracking in 17 

National MEPDG project test sections. The procedures for the material characterization and 

pavement data gathering adopted in this step are similar to those used for the Fundao project 

simulations. This research verified that the transfer function defined for the Fundao project 

sections can be used for the fatigue performance predictions of a wide range of pavements all 

over Brazil, as the predicted and observed cracked areas for the National MEPDG pavements 



 

  

presented good agreement, following the same trends found for the Fundao project pavement 

sites. 

Based on the prediction errors determined for all 44 pavement test sections (Fundao 

and National MEPDG test sections), the proposed framework’s prediction capability was 

determined so that reliability-based solutions can be applied for flexible pavement design. It 

was concluded that the proposed LVECD program framework has very good fatigue cracking 

prediction capability.      
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CHAPTER 1. INTRODUCTION 

1.1. BACKGROUND 

Fatigue cracking is the major distress in asphalt concrete pavements in Brazil. This 

phenomenon has a complex nature that is related to both the material and structural 

characteristics of asphalt concrete pavements. Currently in Brazil, the available tests and 

analysis protocols are not reliable for the accurate prediction of the fatigue performance of 

asphalt mixtures and pavements. Many Brazilian researchers have proposed different test 

methods and specimen geometries for fatigue damage characterization, such as the bending 

beam, indirect tension, trapezoidal tests, etc. Typically, the results of these tests, at a single 

temperature, are fitted to power law fatigue curves (Wöhler curves) and used with simplified 

pavement layered elastic analysis for performance prediction. In this regard, different 

empirical approaches have been taken by Brazilian pavement engineers, but without any 

validation or carefully defined laboratory-to-field transfer functions. 

A fatigue performance model that can be used effectively in pavement design and 

preservation must have two main components: (i) a fatigue damage growth relationship that 

describes how damage grows as a function of loading frequency, temperature, and load level, 

and (ii) a failure criterion that can be used to define the fatigue life of asphalt concrete 

(Sabouri and Kim 2014). Thus, to properly understand and model fatigue cracking over the 

range of conditions encountered in the field without performing a large number of 

experiments, it is essential to employ mechanistic models for material characterization and 

pavement analysis. These models should describe the material and pavement responses to 
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repeated loading, particularly the process of cracking (Underwood et al. 2009a). In addition, 

these mechanistic models should be incorporated into a pavement analysis framework, which 

in turn should be validated for engineering applications through extensive comparisons 

between predicted and field-observed performance, in order to develop a proper simulated 

damage-to-cracked area transfer function and to determine the analysis framework’s 

prediction capability. 

Viscoelastic continuum damage (VECD) theory has been used successfully for 

asphalt mixture characterization in the United States. This mechanistic approach makes use 

of fundamental material properties to characterize the behavior of asphalt concrete 

effectively under a wide range of conditions using an efficient, simplified laboratory test 

program. The key feature of the VECD model is the damage characteristic curve, which is a 

material property that is independent of test conditions. This property, with proper 

implementation into the pavement analysis framework, can be used to predict the fatigue 

damage of asphalt layers over the range of conditions encountered in the field (Kim 2009).  

Researchers at North Carolina State University have implemented the VECD model 

into a layered VECD analysis framework, referred to as the layered viscoelastic continuum 

damage (LVECD) program (Eslaminia et al. 2012). This tool has shown potential to be used 

as a reliable performance prediction approach and serves as the basis for the Federal 

Highway Administration’s (FHWA’s) Performance-Related Specifications for Hot-Mix 

Asphalt (HMA-PRS). Currently, the LVECD program is being verified using field 

performance results obtained from various pavements in the United States and other 
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countries (Park 2013), but so far, no transfer function has been defined for using this tool for 

asphalt pavement fatigue cracking predictions. 

1.2. OBJECTIVES 

The objectives of this research project are: 

 to implement the VECD model for the characterization of Brazilian asphalt mixtures 

and validate the modeling approach for mixtures composed of a wide range of asphalt 

binders; 

 to check the applicability of the load amplitude sweep (LAS) test for the fatigue 

characterization of asphalt binders and investigate the effects of different asphalt 

binders on the linear viscoelastic (LVE) and fatigue damage properties of asphalt 

mixtures; 

 to simulate the fatigue performance of Brazilian asphalt pavement test sections under 

real traffic loading using the analysis framework that is based on the VECD model 

(i.e., the LVECD program); and 

 to validate and calibrate the LVECD program for pavement fatigue performance 

analysis, using properly defined simulated damage-to-fatigue cracked area transfer 

functions, for asphalt pavement reliability-based design solutions in Brazil. 
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CHAPTER 2. THEORETICAL BACKGROUND 

The main goal of this chapter is to present the theories and concepts found in the 

literature that are needed for this research effort. Because one of the research goals is the 

implementation of the VECD model in Brazil, including pavement analyses and field 

validation, the main topics of the literature review are: 

 the theoretical background of the VECD and S-VECD models and 

 pavement performance analysis and experiences using the LVECD program. 

2.1. VISCOELASTIC CONTINUUM DAMAGE (VECD) MODEL 

According to Hou et al. (2010), various laboratory testing methods and models have 

been developed to assess the fatigue performance of HMA. One of the most popular testing 

methods is the flexural bending test, also known as the beam fatigue test, which measures the 

fatigue life of a compacted asphalt beam subjected to repeated flexural bending. The standard 

procedure for the beam fatigue test is described in the AASHTO T-321 standard, and was 

adopted by researchers at the University of California Berkeley under the Strategic Highway 

Research Program (SHRP) Project A-003A (Tangella et al. 1990; Tayebali et al. 1995). Other 

techniques also have been proposed, such as trapezoidal fatigue testing (EN 12697-24; Rowe 

1993), direct tension testing (Raithby and Sterling 1972), and indirect tension testing (Roque 

and Buttlar 1992; Buttlar and Roque 1994; Nascimento et al. 2010). 

In addition to the different testing protocols, analysis methods also differ. The 

simplest and, as a result, the most common technique involves performing many fatigue tests 

and fitting the results to a so-called fatigue law, which is essentially a power law type 
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relationship wherein the effects of strain or stress level and material properties (the modulus, 

for example) on cycles to failure are modeled (Hou et al. 2010). This is the basic model form 

used in the National Cooperative Highway Research Program (NCHRP) 1-37A Mechanistic-

Empirical Pavement Design Guide (MEPDG). However, other researchers have analyzed test 

results using energy-based methods (Carpenter and Shen 2006; Shen and Carpenter 2007), 

fracture mechanics (Majidzadeh et al. 1971; Salam 1971; Monistmith and Salam 1973), 

thermomechanical damage concepts (Lundstrom et al. 1994; Bodin et al. 2004a), and 

continuum damage mechanics (Bodin et al. 2004b; Bazant and Pjaudier-Cabot 1989; Kim 

and Little 1990; Lee and Kim 1998a; Lee and Kim 1998b, Daniel and Kim 2002; Hou et al. 

2010; Babadopulos 2014; Nascimento et al. 2014). 

The continuum damage mechanics-based model was used in the work presented in 

this dissertation. The VECD model makes use of fundamental material properties to 

characterize the behavior of asphalt concrete effectively using an efficient, simplified 

laboratory test program. This approach is particularly useful because, although VECD theory 

itself is somewhat complicated, it is amenable to simplifying assumptions that only slightly 

reduce the predictive capabilities, but greatly improve the model’s usability (Hou et al. 

2010). 

Hou et al. (2010) have described the VECD model’s evolution; its history starts with 

Kim and Little who successfully applied Schapery’s nonlinear viscoelastic constitutive 

theory for materials with distributed damage to sand asphalt under cyclic loading (Kim and 

Little 1990). Later, Lee and Kim further developed the VECD model to prove that it can be 

applied to asphalt concrete under both controlled-stress and controlled-strain cyclic loading 
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(Lee and Kim 1998a; Lee and Kim 1998b). Subsequent work by Daniel and Kim showed that 

the damage characteristics of asphalt concrete are material properties and can be determined 

using a simplified procedure, such as the constant crosshead rate monotonic direct tension 

test (Daniel and Kim 2002). Chehab et al. showed that the time-temperature superposition (t-

TS) principle can be extended from a material’s LVE range to high damage levels, which 

helps reduce the required testing time significantly (Chehab et al. 2002; Chehab et al. 2003). 

In work by Underwood et al., these principles were applied to mixtures tested at the Federal 

Highway Administration Accelerated Load Facility (FHWA ALF) in McLean, VA, and the 

applicability of VECD modeling principles to both modified and unmodified asphalt concrete 

mixtures was demonstrated. Also, the fatigue resistance ranking of the ALF mixtures using 

the VECD model was successfully predicted (Underwood et al. 2006; Underwood et al. 

2009b). 

The VECD model that is based on the constant crosshead rate monotonic test has 

some practical shortcomings. One is that the model characterization requires constant 

crosshead rate testing, and the peak load level necessary to perform such a test is close to the 

load capacity of the Asphalt Material Performance Tester (AMPT). Thus, it is important to 

have a model that not only is applicable for cyclic fatigue test data, but also can be 

characterized quickly and easily using such tests. Different researchers have worked on 

developing a simplified mechanistic model. Christensen and Bonaquist developed a model 

based on the simplified pseudo stiffness calculation approach suggested by Kim et al. 

(Christensen and Bonaquist 2005), then later developed another simplified model that was 

capable of more easily accepting AMPT output data (Christensen and Bonaquist 2009). 
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Kutay et al. applied a simplified form of the VECD model to both controlled-stress and 

controlled-crosshead (CX) push-pull tests (Kutay et al. 2008). However, these modeling 

approaches all have limited applications due to certain faults in the rigor of the theoretical 

application. Underwood et al. proposed a more rigorously accurate simplified model that has 

been able to correct the deficiencies in the other models (Underwood et al. 2009a; 

Underwood et al. 2009b; Underwood et al. 2009c). 

The most recent work has been done by Sabouri and Kim (2014) who used the VECD 

model for asphalt mixture characterization and proposed a fatigue failure criterion based on 

the rate of release of the pseudo strain energy (G
R
), which is independent of the mode-of-

loading and temperature. This failure criterion requires characterization tests at only a single 

temperature and a single mode-of-loading, thereby significantly reducing the costs associated 

with testing. 

2.1.1. VECD Theory  

Continuum damage theories ignore specific microscale behaviors and attempt to 

characterize a material using macroscale observations, i.e., the net effect of microstructural 

changes on observable properties. The most convenient way to assess material integrity, in 

the macro sense, is to employ the instantaneous secant modulus or to employ the theory that 

is used in this paper, which involves the instantaneous pseudo secant modulus. Damage, on 

the other hand, is oftentimes more difficult to quantify and generally relies on macroscale 

measurements combined with rigorous theoretical considerations. One such theory is 

Schapery’s work potential theory (Schapery 1987), which is based on thermodynamic 
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principles. In Schapery’s theory, damage is quantified by an internal state variable (S) that 

accounts for microstructural changes in the material. Other researchers have utilized elastic-

based nonlocal continuum damage theories for this purpose (Bazant and Pijaudier-Cabot 

1989; Bodin et al. 2004), whereas still others have assumed that the internal state variables 

are related directly to the strain history, both viscoelastic and viscoplastic, of the material 

(Levenburg and Uzan 2004; Uzan and Levenburg 2007). 

The VECD model is built on three main concepts: (i) the elastic-viscoelastic 

correspondence principle based on pseudo strain (ε
R
) for modeling the viscoelastic behavior 

of the material, (ii) the continuum damage mechanics-based work potential theory for 

modeling the effects of microcracks on global constitutive behavior, and (iii) the t-TS 

principle with growing damage to include the combined effects of time/rate and temperature. 

In order to explain VECD theory more fully, these concepts are described in the next 

sections. 

2.1.1.1. Elastic-Viscoelastic Correspondence Principle 

The stress-strain relationships for many viscoelastic materials can be represented by 

elastic-like equations through the use of so-called pseudo variables. This simplifying feature 

enables a class of extended correspondence principles to be established and applied to linear 

as well as some nonlinear analyses of viscoelastic deformation and fracture behavior 

(Schapery 1984). Using these correspondence principles, one can obtain viscoelastic 

solutions from their elastic counterparts through a simple conversion procedure (Kim 2009). 
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 The usual Laplace transform-based correspondence principle is limited to LVE 

behavior with time-varying boundary conditions, whereas the correspondence principles that 

are based on pseudo variables are applicable to both the linear and nonlinear behavior of a 

class of viscoelastic materials with stationary or time-dependent boundary conditions. Also, 

the correspondence principles do not require a transform inversion step to obtain the 

viscoelastic solutions but rather requires a convolution integral that is much easier to handle 

than the inversion step. Consider a stress-strain equation for LVE materials, 

 

 

(1) 

 

where 

σ and ε = stress and strain tensors, 

E(t) = the relaxation modulus matrix, 

ξ = reduced time, and 

τ = the integration variable. 

Equation (1) can be written as: 
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if ε
R
 is defined as 
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where ER is the reference modulus, which is a constant and has the same dimensions as the 

relaxation modulus. The usefulness of Equation (2) is that a correspondence can be found 
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with the linear elastic stress-strain relationship. That is, Equation (2) takes the form of elastic 

stress-strain equations even though they are actually viscoelastic stress-strain equations. The 

pseudo strain is referred to as ε
R
. If ER is equal to one in Equation (3), the pseudo strain is 

simply the LVE stress response to a particular strain input (Kim 2009).  

The power of pseudo strain can be seen in Figure 1 and Figure 2. Figure 1 shows the 

stress-strain behavior for controlled-stress cyclic loading within the material’s LVE range 

(such as for a complex modulus test). Because the material is being tested in its LVE range, 

no damage is induced, and the hysteretic behavior and accumulating strain are due to 

viscoelasticity only. Figure 2 shows the same stress data plotted against the calculated pseudo 

strains. All of the cycles collapse to a single line with a slope of 1.0 (ER = 1.0). The use of 

pseudo strain essentially accounts for the viscoelasticity of the material and allows for the 

separate characterization of damage within the specimen. 

 

 
Figure 1. Stress-strain behavior for controlled-stress cyclic loading within the material´s LVE 

range 
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Figure 2. Stress-pseudo strain behavior for controlled-stress cyclic loading within the 

material´s LVE range 

 

2.1.1.2. Work Potential Theory 

In continuum damage mechanics, the damaged body can be viewed as a 

homogeneous continuum on a macroscopic scale, and the effect of the damage typically is 

reflected in terms of the reduction in stiffness or strength of the material (Kim 2009). The 

state of damage can be quantified by a set of parameters often referred to as internal state 

variables or damage parameters in the context of thermodynamics of irreversible processes. 

The growth of damage is governed by an appropriate damage evolution law. The stiffness of 

the material, which varies with the extent of the damage, is determined as a function of the 

internal state variables by fitting the theoretical model to available experimental data. 

The mechanical behavior of an elastic medium with constant material properties (i.e., 

without damage growth) usually can be described using an appropriate thermodynamic 

potential (e.g., Helmholtz free energy for isothermal processes and Gibbs free energy for 
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isentropic processes). These potentials are point functions of thermodynamic state variables. 

When thermal effects are not considered, both the Helmholtz free energy and Gibbs free 

energy potentials are identified as so-called strain energy and represent the energy stored in 

the system that is algebraically equal to the work done in the system by external loading. 

However, when damage occurs due to external loading, the work done in the body is not 

stored entirely as strain energy because part of it is consumed, thereby causing damage to the 

body. The amount of energy required to produce a given amount of damage is expressed as a 

function of the internal state variables. The total work that is input to the body during the 

processes in which damage occurs depends, in general, on the path of loading. However, it 

has been observed that, for certain processes in which damage occurs, the work input is 

independent of the path of loading (Schapery 1987; Lamborn and Schapery 1988, 1993). 

Based on these concepts, Schapery (1990) developed a theory using the 

thermodynamics of irreversible processes to describe the mechanical behavior of elastic 

composite materials with growing damage. The following three fundamental elements 

comprise Schapery’s work potential theory. 

1) Strain energy density function: 

 

(4) 

 

2) Stress-strain relationship: 

 

 

(5) 
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3) Damage evolution law: 

 

 

(6) 

 

where σ and ε are the stress and strain tensors, respectively; Sm are the internal state variables; 

and Ws = Ws(Sm) is the dissipated energy that is due to structural changes. Using Schapery’s 

elastic-viscoelastic correspondence principle and a rate-type damage evolution law (Schapery 

1984 and 1990; Park et al. 1996), the physical strain, ε, is replaced with pseudo strain, ε
R
, to 

include the effect of viscoelasticity. The use of pseudo strain as defined in Equation (3) 

accounts for all the hereditary effects of the material through the convolution integral. Thus, 

the strain energy density function W = W(ε , Sm) transforms to the pseudo strain energy 

density function: 

 

(7) 

 

 

However, the elastic-viscoelastic correspondence principle cannot be used to 

transform the elastic damage evolution law to use with viscoelastic materials, because both 

the available force for the growth of Sm and the resistance against the growth of Sm in the 

damage evolution law are rate-dependent for most viscoelastic materials (Park et al. 1996). 

Therefore, the following form, which is similar to power law crack growth laws, is used to 

describe the damage evolution in a viscoelastic material: 
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where 
mS  is the damage evolution rate, W

R
 is the pseudo strain energy density function, and 

m is the material constant. According to Park et al. (1996), the constant m is based on LVE 

fracture mechanics. In many viscoelastic crack growth problems, the crack speed is governed 

by the th
 power in the pseudo energy release rate, in which m is related to the material’s 

creep or relaxation properties. For example, m = 1+1/n, where n = - logE(t)/log(t) at times, 

depending on the crack speed, was shown by Schapery (1975) for rubber. 

 In the case of asphalt mixture VECD characterization, according to Underwood et al. 

(2009a), the power, m, is related to the log-log slope of the relaxation modulus, n, and is 

dependent upon the type of test used in characterizing the model. For monotonic or CX tests, 

m = 1/n + 1. For controlled-stress tests in either a push-pull or pull-pull configuration, m = 

1/n. It is important to mention that some equations in this dissertation refer to m as simply. 

2.1.1.3. Determination of the Damage Parameter (S) 

The method that is selected to solve the damage evolution law in Equation (8) is a 

matter of preference and, as such, two solutions are hereby proposed. The first, proposed by 

Park et al. (1996), transforms the original equation to an integrated form, and assumes and 

defines a new parameter, Ŝ. Equation (9) presents, in discrete form, the method proposed by 

Park et al. 

 

 

(9) 

 

where Ŝ is given by Equation (10): 
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(10) 

 

 

 Lee and Kim (1998a, b) also proposed a solution that utilizes the chain rule and 

makes no assumptions regarding . They conducted uniaxial tensile cyclic loading tests with 

various load amplitudes to study the mechanical behavior of asphalt concrete. In damage-

induced testing, they observed that the slope of the stress–pseudo strain loop decreases as 

loading continues in both controlled-stress and controlled-strain tests. Figure 3 illustrates the 

change in the slope of the stress-pseudo strain loop for typical uniaxial cyclic damage-

induced testing. 

 

    
Figure 3. Typical input and responses for: a) controlled-stress (CS) uniaxial cyclic test (input 

vs. time), b) CS (stress vs. pseudo strain), c) controlled-crosshead (CX) uniaxial cyclic test 

(input vs. time), and d) CX (stress vs. pseudo strain) (Underwood et al. 2009a) 
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The change in the slope of the loop represents the reduction in the stiffness of the 

material as damage accumulates. To represent the change in slope, Lee and Kim (1998b) 

used the secant pseudo stiffness, S
R
, defined as: 

 

 

(11) 

 

where R

m  is the pseudo strain, and σm, which comes from the experimental data, is the stress 

that corresponds to R

m . In modeling, Lee (1996) found it necessary to normalize the pseudo 

stiffness by the initial pseudo stiffness, I, to account for sample-to-sample variation. The 

normalized pseudo stiffness, C, is then 

 

 

(12) 

 

 

Figure 4 shows typical changes in the C versus number of cycles for a controlled-

strain uniaxial cyclic damage-inducing test at 20°C. 
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Figure 4. Example of change in pseudo stiffness (C) versus number of cycles in a typical 

controlled-strain uniaxial cyclic damage-inducing test at 20°C (Nascimento 2014) 

 

The uniaxial constitutive equations for linear elastic and LVE materials with and 

without damage are useful to show how the more complex models evolved from the simpler 

ones, as follows: 

Elastic body without damage: 

    

 

(13) 

 

 

Elastic body with damage: 

 

   

(14) 

 

 

Viscoelastic body without damage: 

    

 

(15) 
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Viscoelastic body with damage:     

 

 

(16) 

 

where ER is a constant and C(Sm) is a function of the internal state variables (ISV) - Sm that 

represent the changing stiffness of the material due to microstructural changes, such as 

accumulating damage. In Equation (13), ER is the Young’s modulus. A correspondence is 

seen between the elastic and viscoelastic constitutive equations; that is, the viscoelastic 

equations take the same form as the elastic ones, with pseudo strain replacing physical strain, 

as aforementioned. 

It must be observed that for the uniaxial case, the work function (W
R
) is given by 

Equation (17): 

 

 

(17) 

 

 

 The function C1 represents S
R
, as can be seen from Equations (12) and (18): 

 

(18) 

  

 

To characterize the function C1 in Equation (18), the damage evolution law (Equation 

(8)) and experimental data are used. With the measured stresses and calculated pseudo 

strains, the C1 values can be determined using Equation (12). To find the dependence of C1 

on S1, the values of S1 must be obtained using Equation (8). However, the current form of this 
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equation is not suitable for finding S1, because it requires prior knowledge of the C1(S1) 

function through Equation (17). 

 Lee (1996) used the chain rule in Equation (19) to eliminate S1 from the right-hand 

side of the evolution equation and obtain an explicit expression for S1, as shown in Equation 

(20). 

 

 

(19) 

 

 

 

 

(20) 

 

 

 Both functions, C1 and R

m , are dependent upon time t, and thus, a numerical 

approximation can be used with the measured data to obtain S1 as a function of time: 

 

 

(21) 

 

 

The relationship between C1 and S1 can then be found by performing regression on 

the data. The most common functions used for fitting this relationship are shown in 

Equations (22) and (23). 

 

 

(22) 

 

 

(23) 

 

where C10, C11, C12, a, and b are the regression constants. 
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Daniel and Kim (2002) studied the relationship between the damage parameter (S) 

and the normalized pseudo stiffness (C) under varying loading conditions. The most 

significant finding from their study is that a unique damage characteristic relationship exists 

between C and S, regardless of loading type (monotonic versus cyclic), loading rate, and 

stress/strain amplitude. In addition, the application of the t-TS principle with growing 

damage to the C versus S relationships at varying temperatures yields the same damage 

characteristic curve in the reduced time scale (Chehab et al. 2002). The only condition that 

must be met in order to produce the damage characteristic relationship is that the test 

temperature and load rate combination must be such that only the elastic and viscoelastic 

behavior prevail with negligible, if any, viscoplasticity.  

Figure 5 to Figure 7 show the on-specimen controlled-strain uniaxial cyclic damage 

test results obtained for a styrene-butadiene-styrene (SBS) polymer-modified asphalt 

mixture, with a nominal maximum aggregate size (NMAS) of 19.1 mm. The uniaxial testing 

was conducted at 10 Hz and 20°C. Figure 5 and Figure 6 indicate that both S and C have 

different paths when they are analyzed in terms of the number of cycles for different inputs 

(strain amplitudes). However, when C and S are plotted in the same space (Figure 7), the 

curves derived from the different tests collapse very well. This example is typical of the 

VECD concept and explains that the relationship between C and S is definitely a fundamental 

material property; this relationship is referred to as the damage characteristic curve. 
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Figure 5. Damage parameter (S) versus number of cycles for on-specimen controlled-strain 

uniaxial cyclic damage testing with different inputs (Nascimento 2014) 

 

 
Figure 6. Pseudo stiffness (C) versus number of cycles for on-specimen controlled-strain 

uniaxial cyclic damage testing with different inputs (Nascimento 2014) 
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Figure 7. Pseudo stiffness (C) versus damage parameter (S) characteristic curves for on-

specimen controlled-strain uniaxial cyclic damage testing with different inputs (Nascimento 

2014) 

 

2.1.1.4. Pseudo Strain Calculation: ε
R
 

The first step in this characterization process is the calculation of the pseudo strain. In 

previous work, Equation (3) was solved using a linear piecewise technique, as shown in 

Equation (24). Such a technique, although fundamentally sound, is profoundly inefficient 

when analyzing large amounts of data. The source of the inefficiency lies in the need to 

analyze all the time steps that precede the time step of interest, thus resulting in exponentially 

increasing the analysis time for the increased data. To overcome this shortcoming, a method 

commonly used in computational mechanics, the state variable approach, is utilized 

(Underwood 2006). 
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(24) 

 

 

 The goal of the state variable approach is to transform the process of convolution into 

an algebraic operation. Theoretical details of state variable techniques can be found in Simo 

and Hughes (1998). In a physical sense, though, the state variable approach assigns a variable 

to each Maxwell element in the Prony representation of the relaxation modulus. This variable 

then tracks the behavior, or state, of the given element throughout loading (Underwood 

2006). The algebraic formulation commonly used for the pseudo strain calculation is shown 

in Equation (25): 

 

 

(25) 

 

 

where η0 and ηi are internal state variables for the elastic response and for the specific 

Maxwell element, i, at time step, n+1, respectively. Definitions of these variables are given 

by Equations (26) and (27), respectively: 

 

 

(26) 

 

 

(27) 

 

where E, Ei, and ρi are the relaxation modulus fitting coefficients from the Prony 

representation, i.e., the elastic modulus, modulus of the i
th

 Maxwell element, and relaxation 

time, respectively. Equation (25) is a remarkably efficient solution technique for pseudo 

strain calculation. For comparative purposes, a data set of 4,000 points requires 
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approximately 100 seconds to analyze using Equation (24), but it requires only 1.5 seconds if 

analyzed by Equation (25) (Underwood 2006). 

2.1.2. Simplified Viscoelastic Continuum Damage (S-VECD) Model 

According to Underwood et al. (2009a), independent efforts using pseudo strain-

based models to obtain the asphalt mixture damage characteristic curve have shown positive 

results. Christensen and Bonaquist (2005) developed a version of a simplified mechanistic 

model based on the approach suggested by Kim et al. (2002), whereby simplifications are 

made in the calculation of the pseudo strain and in the idealization of the input conditions. 

Christensen and Bonaquist used the continuum damage relationship along with the mixture 

modulus values and voids filled with asphalt (VFA) to develop a fatigue index for guiding 

asphalt concrete mixture design. Kutay et al. (2008) applied a form of the VECD model and 

showed that two different test protocols, controlled-stress and CX push-pull tests, yield the 

same damage characteristic relationship. Kutay et al. also utilized the damage functions for 

different FHWA ALF mixtures to predict and rank the mixtures’ field performance.  

Although all of these previous research efforts have shown positive results, 

Underwood et al. (2009a) related that these efforts have certain faults in the rigor of their 

derivation that limit their application. Thus, Underwood et al. (2009a) reviewed the 

simplified pseudo strain-based continuum damage models and discussed their limitations in 

terms of rigor. Based on their findings, a new model was then suggested that takes advantage 

of the strengths of these existing approaches while remaining mostly rigorously valid. This 

improved simplified continuum damage model provides a more complete and accurate 
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application of the continuum damage approach. This model is explained, based on the work 

done by Underwood et al. (2009a) and Underwood et al. (2012), in the following paragraphs. 

The rigorous modeling approach that is based on Equations (3), (12), and (21) 

requires that pseudo strain, pseudo stiffness, and damage are calculated for the entire loading 

history, which is an easy task for the constant crosshead rate test (monotonic test). However, 

applying this rigorous model to cyclic tests, which can easily have over 10 million data 

points, is computationally cumbersome, even using modern techniques.  

The simplification process proposed by Underwood et al. (2009a) starts with the 

pseudo strain calculation. Assuming that fatigue damage accumulates only under the tensile 

loading condition, the pseudo strain tension amplitude, R

ta,0 , is calculated. Instead of using the 

convolution integral to compute the pseudo strain, a substantial simplification is made by 

assuming a steady-state condition. In such a condition the pseudo strain can be rigorously 

computed as the product of the strain and dynamic modulus (at the temperature and 

frequency commensurate with the test under investigation). This assumption was first 

proposed by Kim et al. (2003) for analyzing asphalt binder and mastic, but has also been 

found to introduce only very minor errors when applied to asphalt concrete (Kutay et al. 

2008; Underwood et al. 2009a; Underwood et al. 2009b). 

2.1.2.1. Pseudo Stiffness Definition for the Simplified Approach 

Figure 8 introduces a set of variables used in the simplified formulation for 

controlled-stress and CX uniaxial testing analysis. This figure indicates the presence of two 

pseudo stiffness terms, a total pseudo strain-based value ( C ) and a cyclic magnitude-based 
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value (C*). The mathematical definition of each is given in Equations (28) and  (29), 

respectively. The relationship between these two pseudo stiffness values can be found 

graphically from Figure 8, but is also given in Equation (30). The rigorously defined pseudo 

stiffness, C, is approximately the same as C*, except that C* is defined as a single quantity 

for a given cycle, whereas for theoretical rigor C will evolve during a cycle (Underwood et 

al. 2009a). Note in each equation the presence of the factor, I, which accounts for specimen-

to-specimen variability, as aforementioned. 

 

 

  
Figure 8. Schematic view of the stress, pseudo strain, and pseudo stiffness definitions used in 

the simplified and rigorous modeling approaches (Underwood et al. 2009a) 
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(30) 

 

 It is important to define the four pseudo strains shown in Figure 8: 

R

m  =  the absolute pseudo strain at the peak,  

R

ta,0  =   the pseudo strain tension amplitude, 

R

pp,0  =   the peak-to-peak pseudo strain amplitude, and  

R

s  =   the permanent pseudo strain. 

2.1.2.2. Loading Time Associated with Damage Growth in the Simplified Approach 

In order to analyze the cyclic data in the simplified mechanics model quickly, it is 

important to identify the actual time that a given cycle is under tensile loading and also when 

the damage is growing during this tensile loading. The first attempt at simplification begins 

with the previous formulation proposed by Daniel and Kim (2002), shown in Equation (31). 

 

 

(31) 

 

 The factor M represents the portion of the pulse during which damage grows. For the 

particular tests performed by the researchers who developed Equation (31), this portion was 

approximately one quarter of the total loading pulse time and, thus, M was taken as 4. Noting 

that the total pulse time is ω/(2π), and using the definition of stress shown in Equation (32), 

the factor M can be rigorously calculated using Equation (34). 
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(32) 

 

where ω is the angular frequency and β is a factor that allows direct quantification of the 

duration that a given stress history is tensile, as obtained from Equation (33). 

 

(33) 

 

 Note that when β = 1, the entire stress (and therefore the pseudo strain minus 

permanent pseudo strain) history for the given cycle is tensile; when β = 0, half of the history 

is tensile, and when β = -1, the entire history is compressive. This last condition is not used 

for any of the tests in this study. 

 

(34) 

 

 The additional consequence of the factor M is that it implies that pseudo 

stiffness decreases linearly within a cycle and ignores the fact that the value of the pseudo 

strain changes throughout the loading cycle. The assumption of linear reduction of the 

pseudo stiffness is supported through the rigorous mechanical modeling technique 

(Underwood et al. 2006, Kim and Chehab 2004) and is retained in the simplified analysis 

protocol. To validate this assumption, damage growth is restricted to conditions under which 

the stress is between the peak value and half of the peak value (on both the loading and 

unloading sides). This assumption is shown schematically in Figure 9. 
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In other words, the time during the loading pulse when the damage growth begins (ξi) 

is when half of the ultimate tensile peak value during the loading side is achieved, and the 

damage growth finishes (ξf) when half of the ultimate tensile peak value during the unloading 

side is reached again, as shown in Figure 9. Both times can be determined analytically using 

Equations (35) and (36). 

 

 

 
Figure 9. Schematic of effect of M factor on dC/dt used in the simplified calculations 

(Underwood et al. 2009a) 
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2.1.2.3. Simplified Approach Formulation 

The simplified approach for the damage calculation in uniaxial cyclic testing is 

divided into two steps. Because significant damage occurs along the first load path (from 

zero to the first load peak), and considering that the first load path is essentially the same as 

constant rate (monotonic) loading, the rigorous calculation shown in Equation (21) is used. 

After this time, however, the simplified calculation method is applied to the cyclic data. For 

lack of clearer descriptive terms, the early portion of the damage calculation is referred to as 

the transient calculation and the remaining calculation as the cyclic calculation (Underwood 

et al. 2009a). These definitions are shown mathematically in Equation (37), where it should 

be noted that ξp refers to the reduced pulse time. 

 

    (37) 

 

In the cyclic calculation, the pseudo strain tension amplitude is computed preciselyfor 

the steady-state assumption using Equation (38), proposed by Kutay et al. (2008): 

 

(38)       

 

where ε0,pp is the peak-to-peak strain amplitude and |E*|LVE is the material’s LVE dynamic 

modulus at the test conditions (frequency and temperature). Equation (38) shows that the 

permanent pseudo strain is not considered in the cyclic damage calculation in the presented 

approach. 






Cyclic

Transient

dS

dS
dS

p

p









    
LVEipp

R

R

ta E
E

*
2

11
,0,0 









 

31 

 This simplified approach also assumes that Equation (39) can be used to simplify the 

more rigorous Equation (21) for the cyclic damage calculation. 

 

(39) 

 

 In comparison to Equation (21), Equation (39) replaces the absolute pseudo strain R

m  

with the pseudo strain tension amplitude R

ta,0 , pseudo stiffness C with the cycle-based value 

C*, and the time step (ti – ti-1) with the reduced pulse time interval Δξp. This simplified 

calculation implicitly assumes that pseudo strain is some constant value within a cycle, which 

is not necessarily so. This flaw is corrected by adding an adjustment factor, K1, which is a 

rigorously defined parameter that is dependent on the time history of loading, f(ξ), only. Note 

that the adjustment factor in Equation (39) is based on the factor M proposed by Daniel and 

Kim (2002). However, Underwood et al. (2009a) found that Equation (41) can be used to 

simplify the more rigorous Equation (40): 

 

(40) 
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 Setting Equation (41) equal to Equation (40) and noting that 
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gives 

 

(43) 

  

If it is assumed that within a cycle 
S

C


 *
is nearly constant, and if it is recalled from 

Underwood et al. (2009a) that the effective pseudo strain ( R

e ) is given by Equation (45), 

then 

 

(44) 

 

 

(45) 

 

which simplifies to 

 

(46) 

 

 In the simplified approach, the pseudo stiffness (C*) is normalized using the dynamic 

modulus ratio (DMR). Previous efforts used the initial slope of the stress-pseudo strain curve 

to define a different normalization parameter, I. The DMR is defined as shown in Equation 

(47). In this equation, |E*|LVE is the LVE dynamic modulus of the material at the particular 

temperature and frequency of the test, and it is found by interpolation of the |E*| mastercurve, 

which has been determined in a separate experiment. Before each uniaxial cyclic fatigue test, 

a fingerprint test is performed wherein the sample is subjected to very low, non-damaging 
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strain amplitude. The modulus measured in this fingerprint test is denoted as |E*|fingerprint. The 

DMR values typically range between 1.1 and 0.9, suggesting specimen-to-specimen 

variability of approximately +/-10 percent, which is the same variability suggested by the 

previous I factor. 

 

(47) 

 

 Based on the presented concepts and definitions, the simplified viscoelastic 

continuum damage model (S-VECD) formulation can be summarized by the following 

equations: 
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R
 = pseudo strain, 

 = strain, 

E() = LVE relaxation modulus, 

 = integration term, 

 = reduced time,  

p = reduced pulse time, 

0,pp  = peak-to-peak strain magnitude (cycle-specific),  

R
0,ta  = pseudo strain tension amplitude (cycle-specific), 

0,pp  = peak-to-peak stress magnitude (cycle-specific),

 = load form factor, Equation (33),  

dS = increment of damage growth during calculation step, 

Cj = finite difference between the C values at consecutive time steps j and j-1, 

Ci = finite difference between the C values at cycles i and i-N, 

 = finite difference between ξ at consecutive time steps j and j-1, 

i = number of cycles between calculation steps for the cyclic portion, 

K1 = loading shape factor, Equation (46), 

DMR = dynamic modulus ratio, Equation (47), and 

 = damage evolution rate. 
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where 

t = time, 

tp = pulse time, and 

aT = time-temperature shift factor from LVE characterization. 

2.1.3. Failure Criteria 

  A failure criterion can be used to define the applicable regions associated with 

continuum damage theory and indicates the occurrence of fracture. In engineering, the failure 

criterion is important because it characterizes a mixture’s fatigue life, which is an essential 

parameter in evaluating the mixture’s ability to resist fatigue cracking. However, most 

continuum damage models cannot predict failure automatically, which means that certain 

external criteria must be applied (Zhang 2012). 

 Damage and effective stiffness are the two essential, interrelated parameters in 

continuum damage models. Hence, the development of a failure criterion starts with the 

simplest assumption that a given material fails at a critical damage state, or at an equivalent 

critical stiffness value. However, asphalt concrete is a highly heterogeneous and time- and 

temperature-dependent material; therefore, it is not easy to define a universal stiffness-based 

criterion for different asphalt mixtures across different temperatures. 

 As discussed in detail by Zhang et al. (2013), the traditional fatigue failure criterion, 

which defines failure as the point at which the material’s modulus value reduces to 50 
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percent of its initial value, does not provide consistent predictions for fatigue life. On the 

other hand, the approach proposed by Reese (1997) looks at the material’s viscoelastic 

behavior and defines failure as the peak value of the phase angle. This approach seems to 

predict the fatigue life, or the crack initiation, very well. The problem with Reese’s approach, 

however, is that most continuum damage models, including the VECD model, are not able to 

predict the variation in the phase angle and also its drop (Sabouri and Kim 2014). Hou (2009) 

developed a failure envelope through experimental observations of different North Carolina 

asphalt mixtures at various temperatures. In this approach, the pseudo stiffness value at 

failure, which is the pseudo stiffness of the material at the point where the phase angle drops, 

as shown in Figure 10, is expressed as a function of reduced frequency and NMAS. Figure 11 

shows the experimental observation of the pseudo stiffness value at failure versus the 

reduced frequency obtained by Hou (2009) for the studied mixtures.  

 

 
Figure 10. Phase angle peak illustration: fatigue life definition (Nascimento et al. 2014) 
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Figure 11. Experimental observation of pseudo stiffness values at failure versus reduced 

frequency (Hou 2009) 

 

 From Figure 11, it is noted that the pseudo stiffness value at failure ( *

fC ) increases 

with the reduced frequency (fR). This finding has a physical meaning, because the higher the 

reduced frequency, the lower the temperature and more brittle the material. Based on these 

results, Hou (2009) proposed the failure function shown in Equation (53): 

 

(53) 

 

where 

 

(54) 
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 Although this failure criterion has a physical meaning and the reduced frequency-

dependent function considers the temperature effect on *

fC , it is not a suitable criterion due to 

the high variability shown in the experimental data. In addition, the sensitivity of the 

proposed failure envelope with regard to additional mixtures also would need to be checked 

(Zhang 2012). 

 According to Sabouri and Kim (2014), many other researchers have proposed 

different approaches to determine fatigue failure criteria for asphalt mixtures. Van Dijk and 

Visser (1977) and Van Dijk (1972) studied failure criteria based on so-called dissipated 

energy, which quantifies the energy that is consumed throughout the test and relates it to the 

final fatigue life. However, this method is not adequate, because the energy dissipation is not 

due only to the damage, as the viscoelastic damping and plastic deformation also dissipate 

energy.  

 In order to separate the viscoelastic energy from the damage, Ghuzlan and Carpenter 

(2000) introduced the concept of ratio of dissipated energy change (RDEC), which assumes 

that viscoelastic damping does not evolve significantly throughout the loading history. The 

RDEC concept also was used by Shen and Carpenter (2005) who identified a stable region 

when the RDEC is plotted versus the number of cycles, as shown in Figure 12. This stable 

region is referred to as the plateau value (PV). 
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Figure 12. RDEC versus number of cycles during controlled-crosshead uniaxial cyclic 

loading (Zhang 2012) 

 

 Even though the PV demonstrates a strong correlation with the number of cycles at 

failure, Bhasin et al. (2009) applied it for fine aggregate matrix characterization and 

concluded that this approach is dependent on the mode-of-loading. 

 Research also has been conducted using the concept of dissipated pseudo strain 

energy (DPSE) in which the correspondence principle is used to separate the damage energy 

dissipation from the viscoelastic damping. According to Sabouri and Kim (2014), the DPSE 

approach has problems related to the proper determination of the true viscoelastic phase 

angle and to the differentiation of behavior between nonlinear viscoelasticity and damage. 

Moreover, Bhasin et al. (2009) also studied this approach and concluded that it is dependent 

on mode-of-loading. 
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 Zhang el al. (2013) introduced a new pseudo energy measure that describes the rate of 

damage dissipation and can be applied using the S-VECD model. This method, the so-called 

RG0
 approach, is based on the release of the maximum amount of stored pseudo strain energy 

throughout the loading history. This stored maximum pseudo energy corresponds to the peak 

pseudo strain in cyclic loading, as shown in Figure 13, and can be calculated as: 

 

(56) 

 

where 

 
i

RWmax
 = maximum stored pseudo strain energy at cycle i, 

 
imax = maximum stress at cycle i, 

 
i

R

max = maximum pseudo strain at cycle i, 

 
ita,0 = stress amplitude at cycle i, and 

 
i

R

ta,0 = pseudo strain tensile amplitude at cycle i. 

 Using the relationship between stress and pseudo strain expressed in Equation (16), 

the maximum stored pseudo strain at cycle i can be rewritten as: 

 

(57) 

 

 As is evident from Equation (57), as the damage accumulates and the applied 

magnitude of the pseudo strain is maintained, the material loses the maximum stored pseudo 

strain energy due to the reduction in the pseudo stiffness (C
*
). The difference between the 
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current stored maximum pseudo strain energy and the corresponding undamaged state energy 

(C* = 1) is defined by Zhang et al. (2013) as the total released pseudo strain energy and 

denoted as R

CW . This term is represented by the shaded triangular area in Figure 13 and is 

given in Equation (58). 

 

(58) 

 

 Equation (58) shows that the R

CW  is a continuum damage pseudo strain energy release 

that depends on the external loading and the material itself. According to Zhang et al. (2013), 

the R

CW  path during the CX uniaxial fatigue test can be divided into three regions, as shown in 

Figure 14 (a). Analyzing the rate of R

CW  (Figure 14 (b)), a stable region is evident in which 

this rate of released pseudo strain per cycle is constant. This constant slope is defined by 

Zhang et al. (2013) as RG0
 (Figure 14 (b)). In their work, the authors found a very good 

correlation between the RG0
 and the number of cycles at failure for different mixtures tested 

at various temperatures.  
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Figure 13. Schematic representation of total released pseudo strain energy in stress-pseudo 

strain space (Zhang et al. 2013) 

 

 

 
Figure 14. (a) History of R

CW  in the controlled-crosshead test and (b) rate of R

CW  in the 

controlled-crosshead test (Zhang et al. 2013) 
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Later, Sabouri and Kim (2014) evaluated the RG0
 failure criterion for different modes 

of loading beyond the CX, including controlled-on-specimen strain (COS) and controlled-

stress (CS). Their results are shown in Figure 15, where it can be seen that the RG0
 approach 

works very well for the CX and CS modes, but the failure line for the COS mode does not 

collapse on the lines for the other modes. Thus, Sabouri and Kim (2014) concluded that the 

RG0
 approach is dependent on the mode-of-loading. 

 

 
Figure 15. RG0

 versus Nf  results for different modes of loading (Sabouri and Kim 2014)  

  

Sabouri and Kim (2014) compared the R

CW  paths of the two CX and COS tests, which 

resulted in about the same number of cycles to failure. They observed that in the CX case 

more energy is released at the end of the loading history when the material is losing its 

structural integrity rapidly. In the COS case, where the specimen experiences constant on-

specimen strain from the beginning of the test, more energy is released at the outset. Thus, 
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Sabouri and Kim (2014) proposed a new approach based on the pseudo strain energy release 

that is able to capture the effect of the whole loading history. Therefore, they defined a new 

term, RG , as the rate of change of the averaged released pseudo strain energy (per cycle) 

throughout the entire history of the test. Equation (59) defines RG as: 

 

 

(59) 

 

 Sabouri and Kim (2014) applied the RG  approach to the same test protocol, as shown 

in Figure 15. They found that the relationship of RG  versus the number of cycles to failure 

(Nf) not only is very strong (high R-squared values) for all cases, but also that the lines of the 

CX, CS, and COS modes collapse very well (Figure 16). Thus, they concluded that the 

characteristic curve derived from the RG  approach is independent of both temperature and 

mode-of-loading.  
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Figure 16. RG  versus Nf  results for different modes of loading (Sabouri and Kim 2014) 

 

  

According to Sabouri and Kim (2014), the advantage of using this characteristic 

relationship is that once the S-VECD model parameters and the RG  versus Nf  lines are 

obtained (they are obtained from the same test set), these results can be applied to predict the 

fatigue life for any other loading condition. Using this procedure, Sabouri and Kim (2014) 

then compared the predicted Nf  with the measured Nf  obtained experimentally from the drop 

in phase angle (Figure 17). As can be observed from Figure 17, most predictions have small 

prediction errors. Sabouri and Kim (2014) reported that the maximum error percentage is 

between 30 percent and 40 percent, but that it only happens in a very few cases, as the 

average of the absolute prediction errors for all the tests is only around 12 percent, which is a 

very good finding considering the sample-to-sample variability found from conventional 

fatigue testing. 
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Figure 17. Comparison of measured and predicted fatigue life in the log-log scale (Sabouri 

and Kim 2014) 

    

2.2. PAVEMENT PERFORMANCE ANALYSIS USING THE VECD 

MODEL 

Asphalt concrete pavement is a complex structure that is formed by multiple layers of 

different materials and is subjected to many combinations of traffic loading and various 

environmental conditions. Asphalt concrete pavement is one of the largest infrastructure 

components in the world, and its design, construction, conservation, and rehabilitation 

demand the expenditure of many resources, including financial and natural ones. Therefore, 

the realistic prediction of a pavement’s long-term service life is one of the most challenging 

tasks for pavement engineers (Kim et al. 2009). 

Many factors affect the performance of asphalt concrete, including time (i.e., rate of 

loading, loading time, rest period), temperature, stress state, mode-of-loading, aging, and 
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moisture. As such, different empirical and mechanistic-empirical models and analysis 

frameworks have been developed in order to predict asphalt concrete responses under such 

complex in-service conditions.  

The MEPDG, developed under NCHRP project 1-37A (NCHRP 2004), is a recent 

example of state-of-the-practice for asphalt pavement evaluation. It uses a traditional 

approach to this evaluation, which is divided into two steps: pavement response prediction 

and pavement performance prediction. Basically, for the first step, the MEPDG applies a 

multilayered elastic analysis-based procedure to compute the stresses and strains at critical 

points in a pavement structure. Then, for the second analysis step, these outputs are plugged 

into specific damage models for performance predictions. Both analysis steps are performed 

for the different periods of the pavement’s service life, as the MEPDG is integrated with a 

climatic module and also takes into account traffic loading spectra, seasonality, and hourly 

distribution. 

However, several weaknesses in this traditional approach have been found. The 

damage evolution in complex structures and new materials sometimes is not captured 

properly by the mechanistic-empirical models inherent of the MEPDG. For example, 

different combinations of layers, material types, and thicknesses in perpetual pavements 

make it difficult to predict the failure mechanisms accurately using conventional HMA 

performance prediction models and pavement response models (Kim 2009). Also, the 

pavement materials industry frequently introduces new asphalt binder modifiers, alternative 

aggregate sources, and various recycled materials, whose performance usually is not well 

represented using traditional models. 
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Another shortcoming of the MEPDG’s two-step approach is the mode-of-loading 

dependency of most of the inherent performance models. These models were developed 

using results obtained from laboratory tests that were conducted under specific conditions of 

loading. Because the available two-step procedures cannot discern the mode-of-loading in a 

mechanistic manner, such analysis can result in unreliable performance predictions. 

Moreover, the mechanistic-empirical laboratory test protocols were designed to simulate 

specific boundary conditions of pavement structures rather than to capture the fundamental 

properties of the materials. Therefore, numerous tests are required to cover the wide range of 

pavement conditions, which makes characterization of the materials expensive and time-

consuming. 

According to Kim (2009), the lack of computing power that is needed to calculate the 

damage evolution for the entire life of the pavement was the initial shortcoming that forced 

earlier researchers to develop the two-step approach for pavement analysis, as opposed to a 

more realistic one-step integrated approach. Fortunately, improvements in computing power 

and numerical techniques now allow pavement modeling engineers to implement more 

powerful analysis frameworks to predict the pavement performance directly from the 

integrated analysis results. Such an integrated model is referred to as a mechanistic approach 

and combines the HMA material models and the pavement response models. In this way, 

predictions of the pavement responses and damage in the HMA layers can be made in a more 

realistic manner, provided that proper constitutive models are used in tandem with 

appropriate damage models.  
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In short, given the weaknesses of the models associated with the two-step approach, 

and given the current availability of enhanced computational techniques (and hardware) and 

the power of the aforementioned VECD model, now the VECD model can be used 

successfully for pavement performance analysis. 

2.2.1. The VECD-FEP++ Program 

Kim et al. (2009) reported the application of the VECD model to a finite element 

package to predict pavement responses. First, based on the work of others (Hinterhoelzl and 

Schapery 2004), Kim et al. (2009) upgraded the continuum damage formulation to make it a 

more rigorous model. They assumed that the material is isotropic when undamaged and that 

the growth of damage under loading leads to local transverse isotropy (i.e., the material has a 

local axis of symmetry oriented in the maximum principal stress direction). They formulated 

their framework for the axisymmetric case but it can easily be extended to three dimensions. 

Based on the work potential theory and making use of viscoelastic fracture mechanics 

and the correspondence principle, Kim et al. (2009) showed that the pseudo energy function 

(W
R
) can be written in terms of the pseudo strains in the principal axis, as shown in Equation 

(60). 

 

(60) 
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(62)  

 

(63) 

 

where R

11 , R

22 , and R

33 are the principal pseudo strains with the axis of isotropy oriented 

along direction 3, as obtained from the pseudo strains along the global axis using tensor 

transformation. The LVE pseudo strains along the global axis are calculated from the strains 

along the global axis using Equations (25), (26), and (27).  

The factors A11, A22, A12, and A66 are the stiffness terms related to the damage 

function, C(S), as follows: 
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 = Poisson’s ratio of the material, 

C(S) = the damage characteristic function, and 

S = the damage parameter. 
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 Applying the correspondence principle to Equation (5) provides the following 

constitutive relationship: 

 

(68) 

 

which gives the stresses as the following equations: 

 

(69) 

 

 

(70) 

 

 

(71) 

 

 The stresses along the global axis are then obtained by standard stress transformation 

and from the orientation of the principal axis with respect to the global axis. From Equations 

(8) and (60) the damage evolution function becomes 

 

(72) 

 

where the analytical form of the damage function C(S) is used as shown in Equation (23). 

  Kim et al. (2009) implemented this formulation into the finite element program, 

FEP++, developed by the North Carolina State University research team for general 

nonlinear dynamical systems analysis. The program required several modifications in order 
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to be useful for routine pavement modeling. After all the modifications, the program was 

customized for pavement analysis and called the VECD-FEP++. 

 One important modification that was made by the modeling team was the 

implementation of a finite element mesh generation methodology to incorporate special 

elements that could reduce the computational costs of the pavement analysis and still model 

the problem with specified accuracy. Another significant enhancement over the earlier 

capabilities of the FEP++ was the ability to perform quasilinear analysis. This improvement 

was particularly beneficial in the context of pavement analysis because the VECD material 

model is quasilinear. By using a quasilinear solver instead of a nonlinear one, the analysis 

time was reduced by almost half. 

 In order to facilitate the data inputs to the VECD-FEP++, a graphic user interface 

(preprocessor) was introduced into the program. The motivation behind this tool was to 

provide the user with a simplified and intuitive interface for pavement analysis. The tool can 

be used either to run analysis directly or to generate the input files. It also has visualization 

capabilities to view the mesh discretization, which makes it easy for the user to verify the 

input data for the analysis (Kim et al. 2009). However, for visualization of the pavement 

analysis results, the authors used an external postprocessor. 

 After these improvements were implemented, Kim et al. (2009) used the VECD-

FEP++ to perform three-dimensional (3D) analysis to study the effects of temperature, 

material, and wheel speed using FHWA ALF pavements. Table 1 presents the pavement 

properties and the loading used in their study. 
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Table 1. Pavement properties and loading used in simulations by Kim et al. (2009) 

 

Depth of asphalt concrete (AC) 

layer 
46 cm 

Pavement length 296.5 cm 

AC material Control mixture and SBS-modified 

Subgrade type and stiffness Infinite subgrade, 86 MPa 

Ambient surface temperature Winter: -5°C; Summer: 38°C 

Loads 

Contact pressure 758 kPa 

Load area 19.65 cm by 17.79 cm 

Wheel speed 13.41 m/s and 26.82 m/s 

 

Analysis was performed at representative temperatures for winter and summer to 

simulate the effects of temperature. The temperature distribution across the asphalt layer 

depth was found from simulations using the Enhanced Integrated Climatic Model (EICM). 

For these simulations, a typical pavement cross-section was used with the Raleigh, NC 

climatological database. It is important to mention that Kim et al. (2009) reported only the 

pavement response analysis results without growing damage. The effects of temperature, 

material, and wheel speed were found to be in accordance with the expected results. The 

pavement showed an increased viscous response with increased temperature and decreased 

speed. The simulations also showed lower strains with lower temperatures, increased wheel 

speed, and stiffer asphalt concrete material, as expected. Examples of their results can be 

seen in Figure 18 and Figure 19, where the transverse strains are compared for the different 

asphalt mixtures (Control and SBS-modified). In these examples, the responses were 

simulated under summer conditions and a wheel speed of 26.82 m/s was applied. 
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Figure 18. Transverse strains for the Control mixture in summer and at wheel speed of 26.82 

m/s (Kim et al. 2009)  
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Figure 19. Transverse strains for the SBS-modified mixture in summer and at wheel speed of 

26.82 m/s (Kim et al. 2009)  

 

Figures 18 and 19 show that the strain values are higher for the SBS-modified 

mixture than for the Control mixture. Also, the region of maximum tension at the bottom of 

the layer is shown to be much larger for the SBS-modified pavement than for the Control 

pavement, and the area of influence on the surface of the pavement is larger for the SBS-

modified pavement than for the Control pavement. In general, the SBS-modified pavement 

deformed more than the Control pavement, and so its area of influence is larger than that of 

the Control pavement due to the lower stiffness value of the SBS-modified mix. 
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Underwood et al. (2009b) used the VECD-FEP++ for pavement performance 

predictions using the FHWA ALF pavements. These FHWA ALF pavement tests included 

twelve lanes of different asphalt concrete mixtures tested for both fatigue and rutting 

performance under HVS loading. Sections with both 100-mm and 150-mm thick asphalt 

concrete layers were included in the tests. Each asphalt concrete layer rested on top of 560 

mm (thin asphalt layers) or 510 mm (thick asphalt layers) of crushed aggregate base, which, 

in turn, was placed on top of an AASHTO A-4 subgrade. For these ALF tests, the pavement 

was loaded with a 425/64R22.5 (super-single) tire, moving at 17 km/h, a load of 73.8 kN, 

contact pressure of 827 kPa, and at a controlled temperature of 19°C. During ALF testing, 

the percentage of cracked area (‘% cracked area’) was measured at regular intervals (Kutay et 

al. 2008). The 100-mm thick asphalt layered lanes that contained the control mixture, SBS-

modified mixture, crumb rubber terminal blend (CRTB) mixture, and ethylene terpolymer 

mixture were studied by Underwood et al. (2009b). 

The LVE characterization of the ALF asphalt mixtures was accomplished using the 

dynamic modulus test according to the standard protocol found in AASHTO TP 62. The 

results of these tests were used to obtain the LVE relaxation modulus (Prony series form). 

For the purpose of damage characterization, Underwood et al. (2009b) ran CX uniaxial cyclic 

fatigue tests, and the results were modeled according to the S-VECD model approach to 

obtain the damage characteristic curve (C vs. S). 

Regarding the pavement simulations in the VECD-FEP++, Underwood et al. (2009b) 

used a simplified modeling scheme. In short, this two-step scheme takes advantage of the 3D 

analysis in the VECD-FEP++ that is capable of predicting the viscoelastic response under a 
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moving load. Then, the viscoelastic response, which is the tensile strain at the bottom of the 

asphalt layer, becomes an input for the S-VECD model to predict fatigue performance. The 

unbound materials were assumed to be linear elastic, and the subgrade materials were 

considered to be elastic and semi-infinite.  

Figure 20 presents comparisons of the fatigue performance results between the 

FHWA ALF measurements and the VECD-FEP++ simplified approach simulations. Failure 

in the ALF experiments is defined as the cycle at which 20 percent of the lane has cracked 

(Kutay et al. 2008). For the simulations, Underwood et al. (2009b) assumed that failure 

occurs whenever the material reaches a pseudo stiffness value (C) of 0.25. It has been noted 

that certain problems relating to the distribution of hydrated lime and also problems with the 

density throughout the terpolymer test lane may have affected the ALF test results (Kutay et 

al. 2008). Therefore, two comparisons are shown in Figure 20: one that includes terpolymer 

and one that does not include terpolymer.Underwood et al. (2009b) concluded that the 

correlation between the measured and predicted failures was quite good, particularly when 

the terpolymer lane was not considered, even though only three lanes were used. 
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Figure 20. VECD-FEP++ simplified approach predictions versus measured fatigue life for 

FHWA ALF pavements (Underwood et al. 2009b) 

 

Later, Underwood et al. (2012) used 2D axisymmetric integrated analysis in the 

VECD-FEP++ to simulate the same FHWA ALF pavements. Comparisons of the fatigue 

performance results between the FHWA ALF measurements and the 2D axisymmetric 

VECD-FEP++ simulations are shown in Figure 21. As before, failure in the ALF 

experiments was defined as the cycle at which 20 percent of the lane had cracked. Again,  

very good correlation was found between the predicted and observed failures. However, the 

simplified approach used in 2009 and the later integrated approach taken in 2012 led to 

different relationships in terms of pavement performance. For the earlier simplified approach, 

the simulated failures took longer to occur than the observed failures, as opposed to the 

integrated approach, where the simulated failures occurred earlier. Thus, more field 

experiments should be performed and evaluated in order to define the best simulation 

approach and also the appropriate transfer function for predicting cracked areas in pavement. 
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Figure 21. 2D axisymmetric VECD-FEP++ predictions versus measured fatigue life of 

FHWA ALF pavements (Underwood et al. 2012) 

 

 Kim et al. (2008) used the VECD-FEP++ for simulations using Korea Expressway 

Corporation (KEC) test road sections. This test site is a 7.7-km two-lane highway consisting 

of 25 Portland cement concrete (PCC) pavement sections and 24 asphalt concrete sections, 

and includes three bridges and two geotechnical structures. The variables considered in this 

Kim et al. (2008) study for asphalt concrete pavements were surface layer type, base layer 

type, base layer thickness, and sublayer properties. The asphalt mixture characterization 

protocol (LVE and VECD properties) that was used for this study is similar to the procedure 

reported by Underwood et al. (2009b). However, the VECD model characterization was 

performed as a constant crosshead uniaxial monotonic tension test instead of a CX uniaxial 

cyclic fatigue test. However, both of these modes of loading provided the same damage 

characteristic curves (C vs. S). 
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 Regarding the simulation approach using the VECD-FEP++, the asphalt layers were 

modeled using the VECD model (viscoelastic with damage), and the unbound materials were 

assumed to be linear elastic. The simulations were carried out at a constant temperature of 

19°C, and a moving load was simulated by applying a 0.1-second haversine loading pulse 

followed by a 0.9-second rest period. The load level and contact pressure applied were 73.8 

kN and 827 kPa, respectively, which are identical values to those used in the FHWA ALF 

experiments (Underwood et al. 2012). 

 Because no information was available regarding the number of load repetitions, the 

simulations were run up to one million cycles, optimized by the quasilinear extrapolation 

approach implemented in the program. This approach takes advantage of the fact that damage 

grows in a generally linear slope with respect to material integrity, C, at high damage levels. 

In this case, Kim et al. (2008) used the so-called damage area factor (%) for quantifying the 

results obtained from the simulations. The damage area factor was calculated by determining 

the percentage of the total nodes – from the load center to 0.5 m in the horizontal direction 

and from the pavement surface to the bottom of the asphalt concrete layer in the vertical 

direction – that have C values below 0.25. This value of C generally corresponds to the point 

at which strains localize and the material fails in constant rate characterization tests (Kim et 

al. 2008). 

Figure 22 presents a comparison of the results of the KEC test road simulations and 

the field observations. A consistent link between the simulation results and the measured in-

service field performance is evident, even though the correlation appears scattered.  
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Figure 22. Comparison of observed and simulated fatigue performance for KEC test road 

pavements (Kim et al. 2008) 

 

It should be taken into account that these simulations were not conducted based on 

actual pavement loading (the loading was assumed to be similar to the loading in the FHWA 

ALF tests), the temperature effect was not considered properly, and the failure criteria 

assumed (C = 0.25) may not have represented the actual crack localization in the asphalt 

concrete, as the asphalt mixtures show variable C values at failure. Also, Kim et al. (2008) 

reported problems with the ‘percent cracked area’ observations in the field, as well as the fact 

that the field damage level was low (less than 10% of the cracked area). 

Baek et al. (2012) investigated the effects of aging on the fatigue performance of 

asphalt pavements. In order to characterize the aging properties of the study asphalt mixtures, 

samples were conditioned at four different aging levels according to AASHTO R30 

specifications, with the exception that four different long-term aging times were used (0, 2, 4, 

and 8 days). The samples obtained for each aging level were characterized in terms of 
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dynamic modulus and S-VECD protocols, using the same method as Underwood et al. 

(2009b). Based on their findings, Baek et al. (2012) proposed a model for predicting the LVE 

and VECD properties in terms of aging level. 

 Because the time scale used for the material-level aging model corresponded 

physically only to that used for the top layer of a real pavement cross-section, Baek et al. 

(2012) coupled their model to the principles that underlie the Global Aging System (GAS), 

first proposed by Mirza and Witczak (1995), in order to predict the effective aging time in 

relationship to other depths. The effective time is determined by finding, for some physical 

time and depth, the time that gives the same viscosity of the binder as at the pavement 

surface. A flow chart of the structural aging model, including the equiviscosity concept as 

well as the plot of effective time versus depth for a typical simulation, is shown in Figure 23. 



 

63 

 

Figure 23. Structural aging model conceptual map proposed by Baek et al. (2012) 
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 This aging sub-model was implemented into the VECD-FEP++ for integrated fully 

mechanistic simulations. The simulated pavement structure was a 305-mm thick asphalt 

concrete layer over semi-infinite subgrade. A typical unmodified HMA mix was 

characterized and used as the concrete layer, and the elastic modulus value of the subgrade 

was assumed to be 83 MPa. Pavement temperature profiles were obtained from the EICM 

(similar to the Underwood et al. 2009b study) for two regions (Tallahassee, Florida and 

Laramie, Wyoming) to represent relatively hot and cold climates, respectively.  

The temperatures varied in accordance with time and depth within the given asphalt 

concrete layer. A moving load was simulated by applying a 0.1-second haversine loading 

pulse with a magnitude of 40 kN and contact pressure of 689 kPa on the pavement surface, 

followed by 62.2 seconds of rest. For the simulations, a single year run was performed, but 

the input material properties corresponded to either the un-aged properties (denoted as No 

Aging) or the 20-year aged properties (denoted as Aging). 

 Table 2 presents the damage contour plots obtained for the one-year simulations. In 

these contours, the areas with a gray-scale value closest to white correspond to the heavily 

damaged areas, i.e., where the so-called condition index (CI) values are close to zero. The 

concept behind the CI is presented in Equation (73). 
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Table 2. VECD-FEP++ simulation results showing the aging effect in Florida and Wyoming 

pavements (Baek et al. 2012) 

Conditions FL WY 

No Aging 

  

Aging 

  
 

 

 Baek et al. (2012) concluded that aging affected the pavement damage growth 

negatively, especially at the asphalt layer surface, as can be observed in Table 2. Also, the 

effects of aging are shown to be more significant in the warmer climate pavement (Florida) 

than in the colder climate pavement (Wyoming). 

It is important to mention that by using the VECD-FEP++ the authors could evaluate 

the damage distribution and aging effects in a mechanistic manner. The climate, loading, and 

material properties could be taken into account, and so, the results shown in Table 2 illustrate 

the robustness of the fully mechanistic pavement analysis used in tandem with continuum 

damage theory, as opposed to typical simulations that take mechanistic-empirical approaches. 

However, the simulations performed by Baek et al. (2012) were not run for real pavements. 

Therefore, further simulations of real pavements, with observed cracked areas, should be 

performed in order to validate and calibrate this approach, regardless of its mechanistic 

framework. 
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Baek (2010) also used the VECD-FEP++ to model the top-down cracking of asphalt 

concrete pavements in a realistic manner. In order to improve the simulations, Baek 

incorporated additional sub-models to account for the effects of healing, thermal stress, 

viscoplasticity, and mode-of-loading. The aging sub-model was applied similarly as the Baek 

et al. (2012) approach described previously. Each sub-model considered by Baek has its own 

complexity (and simplifications), and details about them and how they were integrated into 

the VECD-FEP++ can be found by referencing his original work. However, it is important to 

describe how Baek overcame the problem of variation of the pseudo stiffness at failure (C) in 

order to quantify the cracking predictions made by the simulations. 

A scaled parameter, or CI, defined by Equation (73), was computed for each element 

in the pavement structure to interpret the loss in material integrity. As this equation indicates, 

the CI is a variable that ranges from 0 to 1, with 0 being failure according to the material 

pseudo stiffness at failure for the actual temperature (see Equations (53), (54), and (55)), and 

1 representing a completely intact body. 

 

(73) 

 

where 

CI = the condition index, 

Cintact = the intact pseudo stiffness value, 

Ci = pseudo stiffness at instant i, and 

Cf,i  = failure pseudo stiffness at instant i. 
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After implementing the sub-models into the VECD-FEP++, Baek (2010) conducted a 

systematic evaluation to investigate the top-down cracking mechanisms by analyzing three 

different regions (FL, DC, and WY), thin (101.6 mm) and thick (304.8 mm) asphalt layers, 

ALF Control and ALF SBS mixtures, and three subgrade support conditions (weak, 

moderate, and strong), totaling 36 cases. A load level of 40 kN and contact pressure of 689 

kPa also were considered in the simulations. 

Baek (2010) applied the CI concept throughout all the simulations and assumed 

failure as the moment when any element reached the CI value of 0 or until 20 years had been 

simulated. No averaged damage was computed. Figure 24 through Figure 26 show the 

simulated CI contours at failure that were found by Baek (2010). The naming convention 

used for the different simulation results presented in Figure 24 through Figure 26 is by letter 

and in the following order: asphalt layer thickness, thick (T) or thin (t); mixture type, ALF 

Control (C) or ALF SBS (S); and subgrade support condition, weak (W) or moderate (M) or 

strong (S). For example, t-C-W indicates a thin pavement with an ALF Control mixture layer 

over a weak supporting subgrade. 
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Figure 24. Simulated CI contours at failure for thin pavements (Baek 2010)  

 

 

 
Figure 25. Simulated CI contours at failure for thick pavements: ALF Control (Baek 2010)  
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Figure 26. Simulated CI contours at failure for thick pavements: ALF SBS (Baek 2010)   

 

In Figure 24 through Figure 26, the cumulative number of months to failure and the 

corresponding month are shown below each contour. According to Baek (2010), one finding 

that can be derived from the month at failure is that most cases failed during the cold season, 

i.e., from October to February. Failure during the cold season was caused in most cases by a 

combination of low healing potential, thermal damage, and a high failure criterion. Also, the 

contours of the four cases that failed during warm months indicate that the damage was 

highly concentrated at the top and load edge of the pavement (Baek 2010).  

Even though Baek (2010) noted that the failures are associated with the effects of the 

combined sub-models, it is important to note that such failure patterns were only possible 

because the CI was used as the damage evolution parameter, where the pseudo stiffness at 

failure changes as the temperature varies. Thus, the colder the weather, the higher the pseudo 
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stiffness value at failure, so failure in the winter occurs more readily than in summer. In 

general, more damage at both the top and bottom of the pavement was observed in the case 

of a cold climate, thin structure, weak support layer, and the use of the Control mixture. It 

was also found that the thin pavements tended to fail at the bottom of the pavement, whereas 

the thick pavements tended to show a higher concentration of damage at the top of the 

pavement and eventually turn into top-down cracking.  

Baek’s findings indicate that the VECD model can describe top-down cracking in a 

mechanistic manner, which confirms the model’s power for asphalt mixtures and pavement 

analyses. However, all the simulations and results regarding top-down cracking were not 

validated through field observations. 

2.2.2. Layered Viscoelastic Continuum Damage (LVECD) Analysis Program 

According to Eslaminia et al. (2012), the 3D finite element method (3D FEM) is a 

powerful tool for pavement response and performance analyses, and is capable of predicting 

pavement behavior subjected to a moving load. The 3D FEM is able to take into account the 

viscoelasticity and nonlinearity of pavement layers for pavement response analysis, where 

damage models can be combined in order to predict the effects of cracking in a fully 

mechanistic manner (as presented in Section 2.2.1). However, the 3D FEM demands a 

significant amount of computational effort, which can make the 3D FEM pavement 

performance simulations prohibitively expensive and time-consuming. 

In order to overcome this analysis limitation, more practical approaches often are used 

to predict pavement performance, including the two-step method, where layered elastic 
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analysis methods are used and the pavement is idealized as a layered elastic system under 

stationary axisymmetric loading. However, as aforementioned, these simpler approaches can 

lead to inaccurate responses due to the many factors that are related to material behavior and 

loading complexities. 

Taking these issues into account, layered viscoelastic moving-load analysis (LVEMA) 

has been employed to improve the pavement responses. With LVEMA, viscoelasticity and 

the moving load effects are handled efficiently with the help of Fourier transforms 

(Siddharthan et al. 2000; Eslaminia et al. 2011). Even though LVEMA is more appealing 

than layered elastic analysis for pavement stress analysis, it still cannot capture the stress 

redistribution effects that are due to damage. 

Eslaminia et al. (2012) introduced an accelerated analysis framework, based on 

LVEMA, to predict pavement responses and performance using VECD theory. This 

framework was employed to create a program, the so-called layered viscoelastic continuum 

damage (LVECD) program. In order to make the proper optimizations, many assumptions 

regarding the pavement’s structure and material properties as well as thermal and traffic 

variations were made. These assumptions are listed below, exactly as presented by Eslaminia 

et al. (2012): 

 The pavement length (in the traffic direction) and width are both large compared to 

the size of the tire and pavement thickness. Thus, if the effects of fatigue/rutting on 

the material properties/pavement structure are ignored, the pavement can be 

approximated as an infinite layered system where the material properties vary only in 

terms of depth.  
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 Temperature variation is captured only in terms of pavement depth and is assumed to 

be constant over the entire plane that corresponds to a given depth, because the 

temperature variation along the length of the pavement is not significant, and the 

material properties are assumed to be isotropic on the plane perpendicular to the 

depth direction. 

 The pavement temperature profile (across the pavement depth) is assumed to be 

cyclic within a period of one year. Although the yearly variations can be modeled 

with a corresponding increase in computational cost, the variation is not significant 

given that the stress redistribution effects due to damage are not considered in this 

analysis. 

 Temperature variations are captured using hourly data. Although a fine-grained 

thermal variation can be captured, it is unnecessary given the approximate nature of 

the analysis. 

 The traffic load is idealized as a cyclic load with a constant shape (tire footprint) and 

speed. 

 Traffic loading varies by second(s), whereas temperature varies by hour(s). The 

temperature profile and the resulting effects on the material properties are assumed to 

be fixed for the traffic analysis of a given segment.  

 Despite the nonlinear nature of the base and subgrade, they are idealized as linear 

elastic materials, because the effects of nonlinearity are not significant compared to 

the approximations inherent in the modeling of traffic and temperature variations. 
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  Considering these assumptions, the basic idea is to divide the pavement life analysis 

into different stages, with each stage characterized by monthly variations in temperature. The 

typical length of a life stage is between two weeks and a few months, depending on the 

desired level of accuracy. The yearly variations in temperature are ignored; thus, the division 

into stages is restricted to the first year of pavement life, and the pavement responses during 

that period are assumed to repeat for the remainder of the pavement life. In addition, each life 

stage is divided further into analysis segments, where an analysis segment is assumed to have 

a constant temperature profile as well as a constant traffic load level and frequency 

(Eslaminia et al. 2012). This framework is illustrated in Figure 27. 

 Based on this time-scale separation, the LVECD program reduces the pavement 

response analysis from millions of cycles to only a few dozen runs (Eslaminia 2013). Then, 

the stress-strain computations are performed using a Fourier transform-based layered 

structure analysis, which efficiently captures the effects of the viscoelasticity of the pavement 

material, the temperature (thermal stress and changes in viscoelastic properties), and the 

moving nature of the traffic load. 
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Figure 27. Scheme of the LVECD program framework for pavement performance 

analysis (Eslaminia et al. 2012)The pavement responses obtained through the first step are 

the input data that are used to predict the fatigue cracking and rutting performance of the 

asphalt layer using the VECD and shift models (Subramanian et al. 2013; Choi et al. 2012; 

Choi and Kim 2013), respectively. Therefore, the LVECD program uses the two-step 

approach for pavement performance analysis in a mechanistic manner. It is important to note 
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that the pavement rutting prediction approach is not within the scope of this research; thus, its 

theory and formulation are not described in this document. 

 Eslaminia et al. (2012) compared the LVECD program responses with those obtained 

from the 3D-Move tool, which is a viscoelastic pavement analysis program developed at the 

University of Nevada. For comparison, a three-layer system was assumed: 10.16 cm for the 

asphalt layer, 20.32 cm for the base, and 460 cm for the subgrade. The material in the asphalt 

layer is a SBS-modified mixture at 25°C. Throughout the simulations, the pavement was 

subjected to a circular load of 40 kN and tire pressure of 758 kPa, moving with a constant 

speed of 26.82 m/s. From the response comparisons shown in Figure 28 and Figure 29, 

Eslaminia et al. (2012) concluded that the LVECD program formulation is accurate for 

viscoelastic systems. 

 

 
Figure 28. Surface vertical displacement response comparison between LVECD program and 

3D-Move (Eslaminia et al. 2012)   
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Figure 29. Stress history at the bottom of the asphalt layer response comparison between 

LVECD program and 3D-Move (Eslaminia et al. 2012)   

 

 With regard to the fatigue damage calculation, the LVECD program uses an 

improved nonlinear extrapolation technique. First, the equivalent damage increment is 

determined for a given life stage by combining the damage increments of all the segments in 

the stage and using the weighted average of the damage increments for each segment. 

Therefore, the combined damage increment is expressed in Equation (74) (Eslaminia 2014). 

 

 

(74) 

 

 

where Ni is the number of load cycles in each segment. 

 Then, the nonlinear extrapolation can be accomplished by solving the following 

ordinary differential equation: 
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(75) 

 

 

where C0 and S0 are the pseudo stiffness and damage parameters at the beginning of the life 

stage, respectively. Assuming the damage characteristic curve as Equation (23), Eslaminia 

(2014) simplified the above formulation into 

 

(76) 

 

 This improved nonlinear extrapolation helps the LVECD program to predict the 

damage in the asphalt layer rapidly, even for millions of load cycles. For the damage 

quantification, the LVECD program uses the same approaches as those used by the VECD-

FEP++, i.e., pseudo stiffness reduction and the CI. Additionally, the mode-of-loading-

independent failure criterion proposed by Sabouri and Kim (2014), which is based on the 

change of the averaged released pseudo strain energy ( RG ), was implemented into the 

program. In this way, for each life stage (month), the cycles to failure (Nf-stage) and the ratio 

Nstage/Nf-stage, where Nstage is the number of load cycles applied during the life stage, are 

computed. This ratio can be understood as the fatigue life consumption within a given stage. 

Then, using Miner’s Law, the total fatigue life consumption (N/Nf) is accumulated by 

summing the Nstage/Nf-stage values obtained throughout the various pavement life stages. The 

total fatigue life consumption ratio (N/Nf) then is processed for all the nodes; its values vary 

between 0 and 1, or undamaged and totally damaged, respectively.   
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 Park (2013) used the LVECD program to investigate the causes of cracking in asphalt 

concrete pavement in North Carolina. His work combined field investigations, laboratory 

experiments using field-extracted material, and pavement simulations. After the rigorous 

field investigation program, Park validated 19 pavement sites for analysis. Then, Park tested 

the asphalt mixture cores from all the validated sites using the S-VECD model. Taking into 

account the size of the cores and employing the protocol proposed by Kutay et al. (2009), 

Park used small geometry samples obtained from the field cores for the mechanical tests. 

Figure 30 shows the procedure used by Park for fabricating specimens from field cores, 

where it can be seen that samples from different asphalt layers were obtained. 

 

 
Figure 30. Specimen fabrication from field cores: (a) cored sample from in-service pavement, 

(b) cut layers, (c) side coring and cutting for mechanical tests, and (d) dimensions of test 

samples (Park 2013) 

 

  

 Through these simulations, Park (2013) quantified pavement cracking using the 

pseudo stiffness reduction approach. Based on the results, the capability of the LVECD 

program to capture crack initiation locations (bottom-up cracking, top-down cracking, or 

both simultaneously) and the propagation propensity compared to the observations of the 
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field cores and the field condition survey of in-service pavements was verified. Overall, the 

agreement rate between the field core observations and field condition survey results and the 

predicted LVECD simulation results was about 78 percent in terms of crack propensity and 

damage severity. Park (2013) concluded that the LVECD-based mechanistic approach can be 

used as a performance prediction model for pavement design and maintenance and can help 

maintenance engineers to create cost-effective rehabilitation strategies for project-level 

pavement management systems (Park 2013).  

Two examples of Park’s comparison between the simulations and field observations 

are shown in Figure 31 through Figure 34. These examples were chosen to present here 

because the simulations exactly match the field performance. Figure 31 shows the simulation 

results for highway NC-24 where top-down cracking was observed, and Figure 32 presents 

the field cores obtained from this site, which illustrate this distress. Figure 33 shows the 

simulation results obtained for highway US-74, where bottom-up cracking was verified. The 

field cores extracted from this site are presented in Figure 34, where the high level of damage 

in the bottom layer is clearly evident. 
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Figure 31. Damage contours obtained from LVECD program simulations for highway NC-

24: top-down cracking (Park 2013) 
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Figure 32. Field cores extracted from highway NC-24: top-down cracking (Park 2013) 

 

 
Figure 33. Damage contours obtained from LVECD program simulations for highway US-

74: bottom-up cracking (Park 2013) 
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Figure 34. Field cores extracted from highway US-74: bottom-up cracking (Park 2013) 

 

Although the results presented by Park (2013) show good agreement between the 

LVECD program simulations and the field performance, two points should be made 

regarding his analysis. First, the VECD model inputs used in the simulations were obtained 

from in-service samples that had some level of damage, aging, moisture damage, and other 

field effects, which varied for the different sites. Also, it is unknown when the cracking 

process started. Based on these factors, clearly it would be cumbersome to define a proper 

transfer function that could convert the simulated damage into ‘percent cracked area’ based 

on Park’s database.  
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CHAPTER 3. BRAZILIAN PAVEMENT SITES USED IN THE 

RESEARCH 

3.1. OVERVIEW 

A pavement analysis tool can be validated by checking whether its prediction results 

represent the pavement responses or not. However, neither transfer functions nor analysis 

errors are necessarily defined in the validation process, because the focus is mainly to verify 

if the analysis results match the expected ones in a general trend. Data from pavement 

accelerated load facilities, such as the aforementioned FHWA ALF, as well as data from real-

scale pavement sites can be used for such a purpose. However, the calibration concept is 

more extensive and objective than the validation process, as it encompasses a direct 

comparison between the predicted distresses and the observed ones in the field, where a 

transfer function (or calibration function) and its respective prediction errors should be 

determined under specified conditions. Thus, the calibration work requires the performance 

observations of real-scale pavement sites subjected to real traffic loading in order to be useful 

for real pavement analysis.      

In this regard, the identification of pavement sites that can provide good observed 

distress information is very important for the calibration (or validation) of a pavement 

performance prediction algorithm, such as the LVECD program. Ideally, the first step in the 

calibration process is to predict the pavement’s damage using as-constructed materials and 

pavement properties. Then, the predicted damage is compared to the observed pavement 
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performance throughout the pavement life in order to develop a transfer function that relates 

the simulation results to the observed pavement distresses. Once the transfer function is 

defined, the error between the predicted and observed distresses in an independent set of 

pavement sections can be determined, which thereby verifies whether the framework’s 

accuracy is satisfactory or not. If the prediction errors are within an acceptable range for 

engineering purposes, it can be assumed that the framework has been validated and calibrated 

successfully.  

Hence, the sites used for pavement analysis calibration must have appropriate 

performance data that can be obtained systematically and periodically, as well as include 

enough component materials that can be gathered during construction for mechanical testing. 

Also, construction and in-service data, such as quality control information and traffic counts, 

are important for the calibration. 

To aid the efforts to calibrate the MEPDG, AASHTO (2010b) published its Guide for 

the MEPDG Local Calibration. According to the AASHTO guide, some conditions must be 

met in order to achieve proper local calibration. First, a minimum number of pavement 

segments should be included in the calibration effort so that the results are statistically 

meaningful. The recommended minimum number of pavement segments for fatigue cracking 

calibration is 30 (AASHTO 2010b). Moreover, the selected segments should have at least 

three condition observations over an eight- to ten-year period and encompass a wide range of 

conditions. For example, in the case of fatigue damage, the pavement segments selected for 

calibration should have a wide range, i.e., low, medium, and high, of ‘percent cracked area’. 
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Based on these concepts and conditions, an experimental site in Brazil composed of 

many pavement test sections was selected for this research study to validate the LVECD 

program and to develop a proper simulated damage-to-cracked area transfer function. This 

site of pavement test sections is referred to as the Fundao Project Pavement Test Sections (or 

simply ‘the Fundao project’ in this dissertation) and is located in Rio de Janeiro, RJ. 

In addition to the Fundao project, another important research project is underway in 

Brazil to develop a national MEPDG specifically for Brazil; it is referred to as the National 

MEPDG project. For this Brazilian MEPDG project, pavement test sections have been 

constructed and monitored all over the country in order to create a pavement performance 

database for validation and calibration of the National MEPDG. As such, all the available 

National MEPDG project test sections were selected for use in validating the damage-to-

cracked area transfer function that was determined from the Fundao project test sections. 

The Fundao project test sections as well as the National MEPDG project test sections 

are described in the next two sections. 

3.2. FUNDAO PROJECT PAVEMENT SITES 

The Fundao project began at the end of 2005 and is the result of a partnership 

between the Petrobras Research and Development Center (CENPES) and the Federal 

University of Rio de Janeiro (UFRJ). The main objective of this partnership is to use the 

university campus roadways to evaluate emerging asphalt paving technologies by 

investigating actual pavement test sections. That is, the idea behind this project is to make 

use of the campus roadway pavement rehabilitation program for real-scale testing of different 
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asphalt paving solutions. The advantages of using these roadways as experimental pavement 

sites are listed below. 

 The CENPES research facilities as well as the UFRJ Pavement Laboratory are located 

on the university campus. Thus, the proximity of the research team to the test sections 

facilitates the monitoring of the site construction and field evaluation. 

 The campus roadway pavements have different structural conditions and are 

subjected to variable traffic levels. Hence, the same paving solution can be 

implemented at different locations in order to check its performance under various 

conditions. Thus, this pavement site is also suitable for the LVECD program 

validation because the same applied paving solution can present different fatigue 

damage levels all at once. 

 The same contractor was hired to pave all the test sections. Therefore, the same 

asphalt plant could be used throughout the project. In addition, due to the good 

relationship that developed between the contractor and the project team, the 

researchers were able to work directly on quality control throughout the pavement 

rehabilitation process. 

 The extent of the campus main roadway system is about 15 km, and the traffic for 

most locations has a relatively constant speed, which is ideal for the tests demanded 

by the project. 

 Many industries with diversified activities are located on campus. So, the traffic 

loading pattern includes various heavy vehicles, which is similar to many typical 

roadway loading patterns in Brazil. 
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The Fundao project has about 11 km of test sections that were constructed from 2005 

to 2011. During this time, different paving solutions were implemented. With regard to the 

asphalt concrete types used in the test sections, all of them are dense-graded with NMAS 

values of 19.1 mm, 12.5 mm, and 9.5 mm, designed according to AASHTO M 323 

specifications. Three aggregate sources and several different asphalt binders were used, 

including bio-asphalt. No reclaimed asphalt pavement (RAP) mixtures were used in the 

project. In addition to asphalt concrete solutions, many test sections that are subjected to low 

and medium traffic levels have been rehabilitated using various surface treatment techniques, 

such as chip seals, slurry seals, and microsurfacing. However, given that the study of surface 

treatments is beyond the scope of this research, these rehabilitation efforts are not described 

in this document.  

Figure 35 shows a map of the UFRJ campus, with the Fundao test sections outlined in 

red. 

    
Figure 35. Map of the UFRJ campus illustrating the Fundao project pavement test sections 

(Nascimento et al. 2009) 
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3.2.1. Initial Pavement Condition Survey 

All of the current Fundao test sections were constructed as a part of a pavement 

rehabilitation scheme. The method of pavement rehabilitation used thus far in the project is 

asphalt overlay (described later in this dissetation). Before construction of the test sections 

(i.e., pavement rehabilitation), an initial pavement condition survey was conducted in order 

to characterize the structural behavior as well as the serviceability of the Fundao project 

pavements. Three prospective field investigations were conducted as part of the survey and 

involved (i) nondestructive deflection tests (NDTs), (ii) inspection wells, and (iii) ground 

penetrating radar (GPR) scanning. 

Because falling weight deflectometer (FWD) equipment was not available during the 

first survey period, an automatized Benkelman beam was used initially for the deflection 

measurements. An 80-kN single-axle load with tire pressure of 550 kPa was used, as 

specified by the Brazilian standard DNIT 133/2010-ME. Three inspection wells were dug in 

order to investigate the pavement layer thicknesses, to identify the material types, and to 

extract the different layer materials for further laboratory characterization.  

Considering that only three inspection wells were not sufficient to characterize the 

pavement site, and considering also the destructive nature of the wells, a GPR survey was 

conducted to determine the pavement layer thicknesses in an extensive and nondestructive 

manner. For this work, the three inspection wells and pavement deflections were used as 

references for the GPR calibration, which was especially useful because the GPR scans could 

also be used to compare the layer material conditions to the conditions of the reference 

inspection wells (Lopes et al. 2009; Motta and Fritzen 2006, 2009). 
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It is important to note that the Fundao project pavement site has distance marks every 

20 meters (marked as 1, 2,…, 545), so that all the pavement data correlate with these location 

marks. For example, the 100 mark corresponds to the 2 km location. Figure 36 presents the 

maximum deflection values measured in the initial survey. Because most of the pavement 

sections have three lanes, it is important to mention that the values shown in Figure 36 were 

obtained from the central lane. 

  
Figure 36. Maximum deflections in the central lane, determined during the initial survey 

using the Benkelman beam 

 

 

Although the Benkelman beam method is not useful for mechanistic pavement 

analysis (Huang 2004), from the data shown in Figure 36 it is easy to observe that the 

pavement site’s structural conditions vary at the different locations. For example, between 

the 125 and 200 marks the maximum deflection values are around 30 mm x 0.01 mm, which 

represent a very good structural condition. On the other hand, between the 60 and 120 marks 

the values are around 100 mm x 0.01 mm, which represent weak pavement in terms of 
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structural behavior. Therefore, the same overlay solution applied to both locations probably 

will behave differently. 

Lopes et al. (2009) applied the cumulative difference approach (AASHTO 1993) for 

defining homogeneous pavement segments in terms of structural behavior. Then, using GPR 

and inspection well data and assuming that each homogenous segment has the same 

pavement structure, these researachers defined the average thickness of the layers for the 

homogeneous segments. Using this approach, Lopes et al. (2009) identified 11 segments, 

whose locations and layer thicknesses are shown in Table 3 and Figure 37. Note that the 

asphalt layer thicknesses shown are those obtained just before the Fundao project pavement 

rehabilitation began.    

 

Table 3. Homogeneous pavement segment locations and layer thicknesses 

 

Homogeneous 

segments 

Location, 

marks 

Thickness, cm 

Asphalt 

layer 

Granular 

base 

Granular 

sub-base 

1 0 to 21 7 23 29 

2 63 to 68 11 24 18 

3 68 to 89 5 19 19 

4 90 to 120 6 16 36 

5 126 to 158 6 15 39 

6 158 to 236 8 10 25 

7 352 to 382 6 15 13 

8 391 to 417 6 14 40 

9 425 to 450 6 18 40 

10 462 to 512 12 38 24 

11 513 to 545 10 42 23 
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Figure 37. Homogeneous pavement segments: thicknesses of the layers 

 

Two roughness indices were employed using the pavement site serviceability survey 

data: the International Roughness Index (IRI) and the Global Gravity Index (GGI). The IRI 

values were determined using a laser profilometer according to the ASTM E 1926 standard, 

and the GGI value determination followed the Brazilian standard DNIT PRO 006. This 

second survey method is comparable to the Pavement Condition Index (PCI) proposed by 

Shahin and Kohn (1979) and takes into account different types of distresses as well as their 

severity and frequency in order to grade the pavement condition from 0 (perfect condition) to 

values higher than 160 (very bad condition). Figure 38 shows the distribution of the 

pavement site conditions according to the IRI and GGI classification values that were 

determined during the initial survey, and Table 4 presents the criteria used for the pavement 

condition classification according to Pinto and Preussler (2002).     
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Figure 38. Pavement condition classification based on IRI and GGI values 

 

Table 4. Pavement classification criteria for IRI and GGI (Pinto and Preussler 2002) 

 

Pavement 

condition 

Ranges 

IRI, m/km GGI 

Very good <1.9 0 – 20 

Good 1.9 – 2.7 20 – 40 

Medium 2.7 – 3.5 40 – 80 

Bad 3.5 – 4.6 80 – 160 

Very bad >4.6 >160 

 

The serviceability results shown in Figure 38 indicate that prior to the pavement 

rehabilitation the most common conditions at the Fundao test sites were bad and very bad. 

Also, both the IRI and GGI values are in agreement regarding the pavement classification. It 

can be noted from the GGI inventory that the main distress in the Fundao project pavements 
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is bottom-up fatigue cracking, with a wide range of cracking severity levels found in the 

pavements. On the other hand, no significant rutting was observed.      

3.2.2. Traffic 

Figure 39 shows the hourly traffic distribution for the Fundao project pavement sites. 

The traffic has three peaks at 8 AM, noon, and 5 PM. Because the university campus and 

local industries reduce their activities overnight, the traffic level before 5 AM and after 8 PM 

is very low. 

      

 
Figure 39. Fundao project pavement sites: hourly traffic distribution 

 

 

The pavement sites are traffic-loaded mostly by buses, light trucks, and medium 

trucks. Other types of heavy vehicles also load the pavements but not in an intense manner. 

The local average daily truck traffic (ADTT) at the beginning of the project was about 1,500. 

However, this traffic level was not applied equally at all the site locations and thus is 
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distributed within the site based on certain distributions. In addition, and considering that 

most locations have three lanes, this traffic information also includes lane distributions, and it 

has been observed that most trucks travel in the central lane (about 80% depending on the 

location). Taking these distributions into account, the traffic level survey was conducted at 

many site locations so that the proper traffic load level could be considered for each 

pavement analysis. 

In order to convert all the traffic load data into equivalent single-axle loads (ESALs), 

the United States Army Corp of Engineers (USACE) equivalency factors were used. 

Although the AASHTO factors are widely used in the United States, it is important to note 

that the USACE factors were chosen for this research because they are currently utilized by 

most Brazilian departments of transportation (DOTs) (Pinto and Preussler 2002). Experience 

has shown that the number of ESALs obtained using USACE factors is about four times that 

calculated using the AASHTO factors (Pinto and Preussler 2002).  

The annual number of ESALs determined at the beginning of the project was used to 

predict the current traffic level by applying a yearly rate of traffic growth of three percent 

(this growth rate has been confirmed by additional simplified traffic surveys) and the proper 

distribution factors observed from the field surveys. 

3.2.3. Climate 

  The climate data presented herein were obtained from the Weather Spark website 

(2014), which gathers information from a weather station installed at the Rio de Janeiro 

International Airport, located near the Fundao project pavement site. The city of Rio de 
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Janeiro has a tropical savanna climate with dry winters. Over the course of a year, the 

temperature typically varies from 17°C to 33°C and is rarely below 15°C or above 38°C, and 

the average annual temperature is 24°C. Figure 40 shows the daily average low (blue) and 

high (red) temperatures with percentile bands (inner band from 25
th

 to 75
th

 percentile, outer 

band from 10
th

 to 90
th

 percentile). 

  

  
Figure 40. Daily average low and high temperatures for Rio de Janeiro International Airport 

(Weather Spark 2014) 

 

 

The warm season lasts from January to March with an average daily high temperature 

above 32°C, and the cold season lasts from May to October with an average daily high 

temperature below 28°C. The median cloud cover ranges from 46 percent (partly cloudy) to 

67 percent (partly cloudy). The sky is cloudiest in June and clearest in April. The clearer 

parts of the year begin around October, and the cloudier parts of the year begin around May. 
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The probability of precipitation at this location varies throughout the year. 

Precipitation is most likely by the end of August, occurring in 70 percent of days. 

Precipitation is least likely around March, occurring in 29 percent of days. Figure 41 shows 

the fraction of days in which various types of precipitation are observed. Over the entire year, 

the most common forms of precipitation are thunderstorms, light rain, and moderate rain. 

 

  
Figure 41. Fractions of days in which various types of precipitation are observed for Rio de 

Janeiro International Airport (Weather Spark 2014)  

 

 

Snow is exceptionally unlikely to fall at any time during the year at this location. The 

relative humidity typically ranges from 49 percent (comfortable) to 91 percent (very humid) 

over the course of the year, rarely dropping below 35 percent (comfortable) and reaching as 

high as 99 percent (very humid). The air is driest around April, at which time the relative 

humidity drops below 56 percent (mildly humid) three days out of four. It is most humid 

around the end of August, exceeding 87 percent (very humid) three days out of four. 
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Finally, during the year typical wind speeds vary from 0 m/s to 8 m/s (calm to 

moderate breeze), rarely exceeding 10 m/s (fresh breeze). Figure 42 presents the average 

daily minimum (red), maximum (green), and average (black) wind speeds with percentile 

bands. 

 

   
Figure 42. Average daily minimum, maximum, and average wind speeds for Rio de Janeiro 

International Airport (Weather Spark 2014) 

 

The highest average wind speed of 5 m/s (gentle breeze) occurs around April 6, when 

the average daily maximum wind speed is 8 m/s (moderate breeze). The lowest average wind 

speed of 3 m/s (light breeze) occurs around June 28, at which time the average daily 

maximum wind speed is 6 m/s (moderate breeze). 
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3.2.4. Pavement Test Sections 

As aforementioned, all the current Fundao test sections were constructed as part of a 

pavement rehabilitation process. The method of pavement rehabilitation used so far in the 

project is asphalt overlay. Four different overlay techniques were used, whose differences are 

related to the manner of pre-overlay pavement preparation, as follows. 

 Preparation 1 (partial milling): partial cold milling down to the last two centimeters 

of the old asphalt layer, followed by localized repair of severe alligator cracking 

areas, if they exist, and tack coat application. 

 Preparation 2 (full milling): full old asphalt layer cold milling down to the top of 

the granular base layer, followed by base recompaction and prime coat application. 

 Preparation 3 (partial milling + SAM): preparation 1 followed by the application of 

a stress-absorbing membrane (SAM). The SAM, in this case, is a very flexible and 

low modulus single-layer chip seal, prepared with a polymer-modified emulsion 

and the same aggregate source as used in the asphalt concrete layers. 

 Preparation 4 (no milling): no milling. The asphalt overlay is applied directly on the 

old pavement surface, after the tack coat application. 

 Preparation 5 (only SAM): the SAM is applied directly onto the old pavement 

surface. 

Figure 43 illustrates the different asphalt overlay techniques used in the Fundao 

project, and Figure 44 through Figure 46 show examples of the pre-overlay pavement 

surfaces for Preparations 1, 2, and 3, respectively. 
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Figure 43. Overlay techniques used for pavement rehabilitation in the Fundao project 

 

 

 

 
Figure 44. Fundao project asphalt overlay over a partially milled asphalt surface 
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Figure 45. Fundao project full milling pre-overlay example: image of the granular base just 

before its recompaction 

 

 

 
Figure 46. Fundao project partial milling plus SAM pre-overlay surface example 

    

 

 Most of the Fundao pavement sections have three lanes, where the paving solution is 

exactly the same from the beginning to the end. Considering that the traffic level varies for 

the different lanes, each lane would need to be analyzed separately. However, the heavy 

traffic is concentrated mostly in the central lane (around 80% of total traffic), where 

pavement damage is noticeably more concentrated than in the other two lanes. Based on this 

observation, and also considering that few Fundao pavement sections have only two lanes,  



 

101 

only the most traffic-loaded lane was chosen for analysis for all the Fundao pavement 

sections. Thus, for a given Fundao pavement section, the most traffic-loaded lane is defined 

as the test section. It is important to note that some test sections could not be validated for 

pavement analysis due to problems with the data, field restrictions, or construction variability 

according to the quality control plan. 

The length of the test sections vary according to the location, solution, pavement 

structural homogeneity, traffic loading variation (speed and number of ESALs), or due to any 

other specific site conditions. However, most test section lengths are in the range of 60 m to 

200 m.  

Table 5 presents the asphalt mixtures used in the test sections considered in this 

study. The table shows that many different asphalt mixtures are used in the Fundao project, 

and they are subjected to real traffic loading. In the next chapter (Chapter 4), these materials 

are described more fully. Some mixtures shown in Table 5 were applied at various site 

locations, so they have been tested under different conditions (overlay technique, pavement 

structure and/or traffic level). 

   Table 6 shows the 27 test sections in the Fundao project that are considered for this 

study. The table shows that the overlay thicknesses vary from 44 mm to 110 mm. In addition, 

some overlays are composed of two different asphalt mixtures. 

 

 

 

 



 

102 

Table 5. Asphalt mixtures used in the Fundao project 

   

Asphalt mixture ID Binder ID 
Aggregate source 

(Quarry) 

Gradation 

NMAS, mm 

50/70 12.5 mm AC 50/70 Fundao Sepetiba 12.5 mm 

50/70 19.1 mm AC 50/70 Fundao Sepetiba 19.1 mm 

30/45 12.5 mm AC 30/45 Fundao Sepetiba 12.5 mm 

30/45 19.1 mm AC 30/45 Fundao Sepetiba 19.1 mm 

RA-TB 19.1 mm 
Rubber asphalt 

Fundao 
Sepetiba 19.1 mm 

Syn 19.1 mm 
Synthetic BR 

Fundao 
Vigne 19.1 mm 

Bio 19.1 mm Bio-asphalt Fundao Sepetiba/EMASA 19.1 mm 

60/85 9.5 mm PMA 60/85 Fundao Sepetiba/EMASA 9.5 mm 

60/85 19.1 mm PMA 60/85 Fundao Sepetiba/EMASA 19.1 mm 

65/90 19.1 mm PMA 65/90 Fundao Sepetiba 19.1 mm 

Elvaloy 19.1 mm Elvaloy Fundao Sepetiba 19.1 mm (b) 
* The asphalt mixtures and binders are described more fully in Chapter 4.  

 

 Table 6. Fundao project test sections considered in this study 

 

Test section 

ID 

Homogeneous 

pavement 

segment 

 (Table 3) 

Overlay 

technique 

(Figure 43) 

Overlay 

thickness (from 

cores), mm 

Asphalt mixture 

1 3 1 55 30/45 19.1 mm 

4 4 1 54 30/45 19.1 mm 

7 4 3 59 30/45 19.1 mm 

11 5 1 55 30/45 19.1 mm 

19 10 2 
51* 

59** 

30/45 19.1 mm* 

65/90 19.1 mm** 

34 10 1 58 30/45 19.1 mm 

37 8 1 52 30/45 12.5 mm 

40 8 5 59 30/45 12.5 mm 

43 8 4 50 30/45 12.5 mm 

45 8 1 51 50/70 12.5 mm 

46 8 4 51 30/45 12.5 mm 

47 8 5 50 30/45 12.5 mm 
* top layer; ** bottom layer 
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Table 6 (Continued) 

 

Test section 

ID 

Homogeneous 

pavement 

segment 

 (Table 3) 

Overlay 

technique 

(Figure 43) 

Overlay 

thickness (from 

cores), mm 

Asphalt mixture 

48 6 1 50 50/70 19.1 mm 

50 6 1 52 50/70 19.1 mm 

55 6 3 52 30/45 19.1 mm 

58 9 1 54 RA-TB 19.1 mm 

60 9 1 54 RA-TB 19.1 mm 

63 9 1 103 30/45 19.1 mm 

65 9 3 74 30/45 19.1 mm 

67 9 1 67 30/45 19.1 mm 

70 9 4 44 RA-TB 19.1 mm 

73 6 1 60 Elvaloy 19.1 mm 

75 6 1 60 Elvaloy 19.1 mm 

86 7 1 50 Bio 19.1 mm 

88 1 1 
50* 

40** 

Bio 19.1 mm* 

60/85 9.5 mm** 

89 1 1 70 Syn 19.1 mm 

93 7 1 
60* 

40** 

60/85 19.1 mm* 

60/85 9.5 mm** 
* top layer; ** bottom layer 

3.2.5. Pavement Test Section Condition Surveys 

In order to assess the in-service pavement performance of the Fundao test sections, 

the following field evaluations were made periodically at the site: 

 Nondestructive deflection testing 

 Pavement distress mapping; 

 IRI, surface texture and rutting depth measurements taken using a laser 

profilometer 

 Asphalt sample coring 
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The Petrobras Kuab FWD became available for this research project only in 2011; 

therefore, only three deflection evaluations (in 2011, 2012, and 2013) could be made using 

this equipment. The deflections were determined using a load level of 40 kN and a 150-mm 

diameter loading plate. 

Six surveys for pavement distress mapping have been conducted so far (2007, 2009, 

2010, 2011, 2012, and 2013). The pavement distress evaluations were made by visual 

inspection, where two people walked on the pavement in order to identify and locate the 

distresses. It is important to point out that the distresses were located using two-meter 

resolution in the longitudinal direction of the lane. Transversally, these distresses were 

located at three positions: the left wheel-path, center, or right wheel-path. That is, every 20 m 

(one mark length) the test sections (lanes) were virtually divided into 30 cells, so the 

distresses correlate with these cells (Figure 47). If a given distress is larger than the cell size 

in any direction, then it is attributed to the multiple cells where it is located. On the other 

hand, if the distress is smaller than the one cell size, it is attributed only to the cell where it is 

predominantly located. 

 
Figure 47. Distress allocation scheme 
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This approach was adopted in this research due to the large extent of the pavement 

site (11 km), which thereby provided the researchers with a safe, practical, and relatively 

accurate method for distress mapping, especially given that the test sections are under real 

traffic loading. In addition, the faster the survey was conducted, the shorter was the time of 

the roadway closing. 

The most important distress considered in this research is fatigue cracking. 

Considering the thickness of the asphalt layers and the field observations, mostly bottom-up 

fatigue cracking was observed in the Fundao project pavement test sections. Note that top-

down cracking rarely has been observed in Brazil. Also, given that some test sections are 

overlays over old asphalt layers, which could be cracked, some cracking may be caused (or 

accelerated) by the reflective process. This hypothesis must be considered throughout the 

pavement analysis.   

In order to quantify the fatigue cracked area (alligator cracks), an approach based on 

the distress mapping scheme shown in Figure 47 was used. First, if any size of fatigue 

cracked area is attributed to a given cell, the cell is always considered to be 100 percent 

cracked. Then, the cracked area of the total test section is obtained using the following 

equation: 

 

(77) 

 

where CA is the cracked area percentage of the test section, Ncracked is the number of cracked 

cells, and Ntotal is the total number of cells contained in the test section. 

100
total

cracked

N

N
CA
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 The FWD data (basins) were used in the pavement analysis to obtain elastic modulus 

values of the granular layers and subgrade by backcalculation. A comparison of the average 

maximum deflections of all the test sections subjected to real traffic loading gathered from 

the different surveys is shown in Figure 48. It can be noted that the deflection measurements 

did not change significantly over time. This finding is important because it indicates that the 

pavement structural conditions also did not change significantly. Of course, the deflection 

data should be observed for each test section individually, not just in terms of the variation 

associated with time, but also to check the uniformity of the structural behavior throughout 

the given test section. Figure 48 indicates that the average maximum deflections obtained in 

the last survey are slightly lower than those obtained from the earlier surveys. However, this 

last survey was conducted in November, that is, during the fall season, whereas the previous 

surveys were conducted during the summer season, when the weather is warmer (see Figure 

40). Therefore, this small reduction in deflection values may be due to the temperature 

variation, as no temperature corrections were applied to the FWD data. Moreover, Figure 49 

presents the average maximum deflections of each test section, and about five locations show 

considerable deflection variation, which also helps to reduce the overall average. 
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Figure 48. Average maximum deflections of all test sections 

       

    
 Figure 49. Average maximum deflections of each test section 

 

Table 7 shows the percentages of fatigue cracked areas determined for the test 

sections. Note that the fatigue cracked areas range from zero to 100 percent for the different 

locations in the last survey (September 2013).  
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 The laser profilometer survey data as well as the asphalt sample core results are not 

shown herein, because they were not used directly for the pavement analysis throughout this 

study, which focuses on fatigue damage. 

 More information about the Fundao pavement site surveys and pavement materials 

can be found in Motta and Fritzen (2006, 2009) and Nascimento et al. (2009). 

 

Table 7. ‘Percent cracked area’ of the Fundao project test sections 

 

Test 

section 

ID 

December 

2007 

June  

2009 

December 

2010 

November 

2011 

October 

2012 

September 

2013 

1 0 0.4 5.4 1.9 3.5 15.4 

4 7.3 18.7 65.2 61.6 85.5 93.2 

7 4.2 87.5 65 37.5 100 100 

11 0 0 3.1 6.7 12.8 30 

19 0 1.3 6.7 - 0.7 6.7 

34 0 0 12.04 - 31.9 41.9 

37 0 5.8 45 77.5 83.3 80.8 

40 0 0 0 0 0 0 

43 0 0 2.5 6.7 10 40 

45 0 2.5 30 65.8 65.8 91.7 

46 0 0 0.8 0.6 18.9 24.4 

47 0 0 0 0 0 0.0 

48 0 0 0 0 0 0.3 

50 0 0 0 0 0 0 

55 0 0 0 0 8.7 30.4 

58 0 0 0 0 2.7 22.7 

60 0 0 100 85 51.7 55 

63 0 0 0 0 0 0 

65 0 0 0 0 0 0 

67 0 1.2 - 9.7 24.4 59.8 

70 0 1.3 3.3 1.3 3.3 11.3 

73 - 1.1 5.5 4.4 14.1 49.6 

75 - 0 0 0 0 0 
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Table 7 (Continued) 

 

Test 

section 

ID 

December 

2007 

June  

2009 

December 

2010 

November 

2011 

October 

2012 

September 

2013 

86 - - 0 0 0 1.4 

88 - - 0 0 0 3.3 

89* - - - 0.3 0.7 8.0 

93 - - 0 0 0 0 
* Test section 89: cracked area on February 2015 = 29.0%. 

3.3. NATIONAL MEPDG PROJECT PAVEMENT SITES 

The National MEPDG project is a partnership among CENPES, universities, and the 

Infra-structure National Department (DNIT) that was created to develop the Brazilian 

MEPDG. In order to accomplish this task, the project is divided in two main steps: (i) 

creating a long-term pavement performance database and (ii) defining a computational 

framework for pavement response and performance analysis, validated using all the available 

pavement performance databases in Brazil (Fundao and National MEPDG projects). 

The first step’s goal basically is to construct asphalt pavement test sections all over 

the country and monitor their performance. In this regard, since 2010, universities from 

different Brazilian regions have worked in cooperation with local agencies and DOTs in 

order to implement their local pavement test sections. So far, 35 national pavement test 

sections have been constructed and monitored, and this number is expected to increase to at 

least 50 by 2017.  

Based on the Fundao project experience and considering that many people would be 

needed to work on data collection for the National project, a project guide was written in 
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order to standardize the test methods, field surveys, and all other important procedures for 

material and pavement evaluation within the National MEPDG project. Therefore, the data 

format provided by the National project is similar to the Fundao project database in terms of 

outlining similar procedures. 

The second step of the National MEPDG project is the main subject of this 

dissertation, as the Fundao and National MEPDG projects’ databases are being merged in 

order to validate VECD theory for pavement analysis in Brazil by defining an appropriate 

damage-to-cracked area transfer function. However, it is important to mention that the 

National MEPDG project is a long-term research project, as other pavement analysis 

approaches are under investigation in Brazil and more performance data for the National 

pavement test sections are expected to be the included in the next few years. Moreover, other 

distresses in addition to asphalt mixture fatigue cracking should be included, which would 

incorporate, for example, rutting analysis for asphalt, granular, and other layers, failure of 

Portland cement-treated materials, and chip seal performance models.  

For this study, only 17 test sections out of the 35 sections could be used, because 12 

of the 35 sections are chip seal projects on low traffic volume roadways and, therefore, are 

not suitable for this research, and the other six test sections do not have data and materials 

available yet. The National MEPDG project pavement test section sites considered in this 

study are located at the following: 

 Federal University of Santa Maria (UFSM): two sites 

 Federal University of Rio Grande do Sul (UFRGS): one site 

 University of Sao Paulo (USP): two sites 
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 CCR Nova Dutra Concession (ND): ten sites 

 Federal University of Santa Catarina (UFSC): two sites 

3.3.1. Pavement Test Sections 

The selected National test sections are composed of new (6) and overlay rehabilitated 

(11) pavements, and their asphalt layer thicknesses vary from 40 mm to 200 mm. The test 

sections are distributed over three Brazilian states: Rio Grande do Sul (RS), Santa Catarina 

(SC), and São Paulo (SP), which represent Brazil’s South and Southeast regions. It is 

important to mention that the pavement structural layers of the National test sections are 

composed only of granular materials and graded stabilized soils. No chemical-stabilized 

materials, such as Portland cement-treated bases, are used in any of the selected National test 

section pavement layers.  

Table 8 presents the 17 National test sections selected for this study and Table 9 

shows the new asphalt mixtures used in the test sections.  

 

Table 8. National MEPDG project pavement test sections 

 

Test section 

ID 
Location Construction technique 

New asphalt 

layer thickness, 

mm 

UFSM 1 Santa Maria, RS Overlay, no milling 50 

UFSM 3 Santa Maria, RS New pavement 70 

UFRGS 2 Porto Alegre, RS New pavement 50 

USP 4 Ribeirão Preto, SP New pavement 40 

USP 5 Ribeirão Preto, SP New pavement 40 

ND 1 Aparecida do Norte, SP Overlay, partial milling 140 

ND 2 Aparecida do Norte, SP Overlay, partial milling 200 

ND 3 Aparecida do Norte, SP Overlay, partial milling 140 

ND 4 Aparecida do Norte, SP Overlay, partial milling 200 
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Table 8 (Continued) 

 

Test section 

ID 
Location Construction technique 

New asphalt 

layer thickness, 

mm 

ND 5 Aparecida do Norte, SP Overlay, partial milling 200 

ND 6 Aparecida do Norte, SP Overlay, partial milling 200 

ND 7 Aparecida do Norte, SP Overlay, partial milling 140 

ND 8 Aparecida do Norte, SP Overlay, partial milling 140 

ND 9 Aparecida do Norte, SP Overlay, partial milling 200 

ND 10 Aparecida do Norte, SP Overlay, partial milling 140 

UFSC 2 Araranguá, SC New pavement 150 

UFSC 3 Araranguá, SC New pavement 
114 (top) 

56 (bottom) 

 

Table 9. Asphalt mixtures used in the National MEPDG project test sections 

   

Test section ID Asphalt mixture ID 

UFSM 1 UFSM 50/70 2 

UFSM 3 UFSM 50/70 1 

UFRGS 2 UFRGS 60/85 

USP 4 USP 50/70 

USP 5 USP 30/45 

ND 1 ND 15/25 

ND 2 ND 15/25 

ND 3 ND 15/25 

ND 4 ND 15/25 

ND 5 ND HM 1 

ND 6 ND HM 1 

ND 7 ND HM 1 

ND 8 ND HM 2 

ND 9 ND HM 2 

ND 10 ND HM 2 

UFSC 2 UFSC 50/70 

UFSC 3 
UFSC 50/70 (top) 

UFSC RA (bottom) 
* The asphalt mixtures and binders are described more fully in Chapter 4. 
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Figure 50 and Figure 51 present the pavement structures of the National test sections 

used in this research and indicate that these test sections incorporate a wide range of 

pavement structures.  

Figure 50 shows that all of the test sections but UFSM 1 are new pavements. From 

this figure it can be noted that the new pavements have different asphalt layer, base, and sub-

base thicknesses. Note that the test section UFRGS 2 has a thick sand layer, which was 

placed for drainage purposes. The UFSM 1 test section is a rehabilitation project, where the 

overlay was applied over the full old asphalt layer (without any milling). 

Figure 51 presents all the Nova Dutra test section pavement structures, all of which 

consist of overlay rehabilitation projects. For all the Nova Dutra test sections the old asphalt 

layers were partially milled before placement of the overlay. Note that the overlaythicknesses 

are 140 mm or 200 mm, and the old asphalt layer milling depth is the same as the overlay 

thickness. Test sections from ND 1 to ND 4 have the same overlay asphalt mixture (ND 

15/25), and test sections ND 5, ND 6, and ND 6 also have the same mixture (ND HM 1), 

whereas test sections ND 8, ND 9, and ND 10 were rehabilitated using the asphalt mixture 

ND HM 2. 
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Figure 50. National MEPDG project test section pavement structures  

   

   
Figure 51. National MEPDG project test section pavement structures - Nova Dutra sites  
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3.3.2. Traffic 

Table 10 presents the National test section traffic levels for the first in-service year as 

well as the date when the roads were opened to traffic. Similarly as the case for the Fundao 

project test sections, the USACE equivalency factors were used to convert all the traffic 

loads to ESALs. 

 

Table 10. National test section traffic levels for the first in-service year and date of traffic 

opening 

   

Test section ID ESALs (first year) Traffic loading opening 

UFSM 1 4.49E+05 December 2012 

UFSM 3 8.72E+05 May 2013 

UFRGS 2 7.60E+06 October 2011 

USP 4 1.40E+05 June 2010 

USP 5 1.40E+05 June 2010 

ND 1 2.56E+06 September 2012 

ND 2 2.56E+06 September 2012 

ND 3 2.56E+06 September 2012 

ND 4 2.56E+06 September 2012 

ND 5 2.56E+06 September 2012 

ND 6 2.56E+06 September 2012 

ND 7 2.56E+06 September 2012 

ND 8 2.56E+06 September 2012 

ND 9 2.56E+06 September 2012 

ND 10 2.56E+06 September 2012 

UFSC 2 1.33E+07 July 2013 

UFSC 3 1.33E+07 July 2013 

 

Table 10 also shows that the National test sections were loaded for a wide range of 

traffic levels. For example, the load level for the UFSC pavement sites is about 100 times 

that of the USP pavement sites. It is important to mention that the UFSC sites are located on 
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an important highway, BR 101, which connects Brazil’s South region to other South 

American countries. 

The hourly traffic distributions were determined only for the UFSM and USP test 

sections. Figure 52 presents a comparison of the hourly traffic distributions obtained for these 

National sites with those for the Fundao project. The figure indicates that the hourly traffic 

distributions for the different pavement sites are very similar. Based on this observation, and 

considering the recommendations of the Brazilian Traffic Studies Manual (DNIT 2006), the 

traffic hourly distributions for the UFRGS, Nova Dutra, and UFSC pavement sites are also 

assumed to be similar to those of the Fundao project for pavement analysis. 

      

 
Figure 52. Comparison of hourly traffic distributions for pavement test sections  
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3.3.3. Climate 

  Rio Grande do Sul pavement sites: 

The climate data presented herein were obtained from the Weather Spark website 

(2014), which presents information gathered from a weather station installed at the Salgado 

Filho International Airport (Porto Alegre, RS). The Porto Alegre, RS weather data were 

compared to the Santa Maria, RS data and it was concluded that both climates are quite 

similar. Thus, it is assumed that Porto Alegre, RS and Santa Maria, RS have effectively the 

same weather conditions, which is reasonable for pavement analysis purposes. According to 

Porto Alegre’s weather station data, the temperature typically varies from 9°C to 30°C and is 

rarely below 3°C or above 34°C. Figure 57 shows the daily average low (blue) and high (red) 

temperatures with percentile bands (inner band from 25
th

 to 75
th

 percentile, outer band from 

10
th

 to 90
th

 percentile). 

  
Figure 53. Daily average low and high temperatures for Porto Alegre, RS (Weather Spark 

2014) 
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The warm season lasts from January to March with an average daily high temperature 

above 28°C, and the cold season lasts from May to October with an average daily high 

temperature below 21°C. The median cloud cover ranges from 63 percent (partly cloudy) to 

79 percent (partly cloudy). The sky is cloudiest in September and clearest in December. The 

clearer part of the year begins around November, whereas the cloudier part of the year begins 

around May. The probability of precipitation at this location varies throughout the year. 

Precipitation is most likely in February, occurring in 46 percent of days. Precipitation is least 

likely around May, occurring in 37 percent of days. 

 

São Paulo pavement sites: 

The climate data presented herein were obtained from a weather station installed at 

the Leite Lopes Airport (Ribeirao Preto, SP). The Ribeirao Preto, SP weather data were 

compared to those of Aparecida do Norte, SP in a similar way as for the Rio Grande do Sul 

pavement sites. It was concluded again that both climates are quite similar. Thus, it is 

assumed that both cities have about the same climate. According to Ribeirao Preto’s weather 

station data, the temperature typically varies from 13°C to 33°C and is rarely below 11°C or 

above 36°C. Figure 54 shows the daily average low (blue) and high (red) temperatures with 

percentile bands (inner band from 25
th

 to 75
th

 percentile, outer band from 10
th

 to 90
th

 

percentile). 
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Figure 54. Daily average low and high temperatures for Ribeirao Preto, SP (Weather Spark 

2014) 

 

 

The warm season lasts from January to March with an average daily high temperature 

above 32°C, and the cold season lasts from May to October with an average daily high 

temperature below 28°C. The median cloud cover ranges from 47 percent (partly cloudy) to 

87 percent (partly cloudy). The sky is cloudiest in January and clearest in July. The clearer 

part of the year begins around April, whereas the cloudier part of the year begins around 

September. The probability of precipitation at this location varies throughout the year. 

Precipitation is most likely in January, occurring in 69 percent of days. Precipitation is least 

likely around July, occurring in 12 percent of days. 

 

 Santa Catarina pavement sites: 

The climate data presented herein were obtained from a weather station installed at 

the Forquinhinha Airport (Criciuma, SC), as it is the closest weather station to the UFSC 
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pavement sites (Ararangua, SC). According to Criciuma’s weather station data, the 

temperature typically varies from 10°C to 31°C and is rarely below 7°C or above 34°C. 

Figure 55 shows the daily average low (blue) and high (red) temperatures with percentile 

bands (inner band from 25
th

 to 75
th

 percentile, outer band from 10
th

 to 90
th

 percentile). 

  

  
Figure 55. Daily average low and high temperatures for Criciuma, RS (Weather Spark 2014) 

 

 

The warm season lasts from January to March with an average daily high temperature 

above 28°C, whereas the cold season lasts from May to October with an average daily high 

temperature below 21°C. The median cloud cover ranges from 71 percent (partly cloudy) to 

81 percent (partly cloudy). The sky is cloudiest in July and clearest in May. The clearer part 

of the year begins around August, whereas the cloudier part of the year begins around June. 

The probability of precipitation at this location varies throughout the year. Precipitation is 

most likely in February, occurring in 51 percent of days. Precipitation is least likely around 

October, occurring in 30 percent of days. 
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As a general overview, it can be observed that the Rio Grande do Sul and Santa 

Catarina pavement sites have similar climates, and that the Sao Paulo pavement sites and 

Fundao pavement test sites also have similar climates.     

3.3.4. Pavement Test Section Condition Surveys 

In order to assess the in-service pavement performance of the National MEPDG 

project test sections, all the field evaluations were conducted periodically, similarly as for the 

Fundao project test sections. It is important to mention that the NDTs, pavement distress 

mapping, and all other field surveys were conducted as similarly as possible to the Fundao 

project procedures.  

As aforementioned, the most important distress considered in this research is fatigue 

cracking. Considering the thickness of the asphalt layers and the field observations, mostly 

bottom-up fatigue cracking has been observed in the National test sections. Also, taking into 

account that some test sections are overlays over old asphalt layers, which could have 

existing cracks, it should be mentioned that some cracking may be caused by the reflective 

process. Therefore, this hypothesis must be considered later in the pavement analysis. Table 

11 shows the percentages of the fatigue cracked area determined for the test sections. 

The laser profilometer survey data as well as the asphalt sample coring results are not 

shown herein, because they were not used directly for the pavement analysis in this study, 

which focuses on fatigue damage. More information about the National MEPDG project 

pavement site surveys and pavement materials can be found in the partial reports of the 



 

122 

ongoing projects that are part of this research: Specht et al. (2014), Ceratti and Nunes (2013), 

Bernucci and Vasconcellos (2014), Tonial (2013), Chacur (2013), and Trichês (2015). 

 

Table 11. ‘Percent cracked area’ of the National MEPDG project test sections 

 

Test section ID % Cracked area 

UFSM 1 
January 2013 June 2013 January 2014 July 2014 January 2015 

0.9 12.7 21.8 22.4 32.9 

UFSM 3 
January 2015 

0 

UFRGS 2 
November 2014 

0 

 May 2015 

USP 4 0 

USP 5 0 

ND 1 9.0 

ND 2 3.0 

ND 3 4.8 

ND 4 12.5 

ND 5 19.0 

ND 6 5.9 

ND 7 10.0 

ND 8 0.0 

ND 9 0.0 

ND 10 0.0 

 July 2014 

UFSC 2 20.0* 

UFSC 3 0 
* Due to fatigue cracking, one year after the roadway was opened to traffic a slurry seal was placed over the 

UFSC 2 test section. Based on pictures and on evaluations of a similar pavement section that was constructed 

just before this test section, 20% cracked area is assumed (Trichês 2015).  
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CHAPTER 4. MATERIALS AND TEST METHODS FOR 

ASPHALT MIXTURE CHARACTERIZATION 

4.1. MATERIALS 

This study is divided into three main steps: (i) the S-VECD model implementation for 

asphalt mixture characterization in Brazil, in particular at the CENPES, (ii) validation of the 

LVECD model approach for pavement analysis based on field performance observations, and 

defining a local simulated damage-to-cracked area transfer function for the Fundao Project 

Pavement’s test sections in Rio de Janeiro, RJ, and (iii) validation of the Fundao project local 

transfer function to be used widely throughout Brazil for asphalt pavement fatigue cracking 

predictions, based on field performance observations of the National MEPDG Project’s 

pavement test sections.  

Thus, the asphalt mixtures selected for this research also are divided into three 

groups. The first group is composed of nine asphalt mixtures designed with the same 

aggregate source and gradation, but using various Brazilian asphalt binders. These asphalt 

mixtures are not associated with any asphalt pavement, because the objective of their 

characterization is to implement the S-VECD protocol in Brazil and also to evaluate the 

effects of the asphalt binder on the mixtures’ fatigue performance. 

The second and third groups are composed of the eleven asphalt mixtures presented 

inTable 16 and the ten asphalt mixtures presented in Table 19. All these mixtures are part of 

the field testing in the Fundao and National MEPDG projects, respectively, as 
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aforementioned. Thus, the main objective of their characterization is to obtain the LVE and 

VECD properties needed for the pavement simulations using the LVECD program, whose 

predicted damage results are compared to the field-observed fatigue damage in order to 

validate and calibrate this pavement analysis framework. 

4.1.1. S-VECD Model Implementation Study Asphalt Mixtures 

The nine asphalt mixtures used in the implementation study were designed with the 

same aggregate source and gradation. The aggregate was obtained from Vigne Quarry, 

located in Nova Iguacu, Rio de Janeiro. This syenitic aggregate source is commonly used for 

asphalt mixture production in the city of Rio de Janeiro. It has good quality in terms of 

strength and particle shape and meets all the Brazilian specification requirements as well as 

the AASHTO M 323 standard. The 19.1 mm NMAS gradation is shown in Figure 56 and 

Table 12. 
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Figure 56. Gradation distribution chart for the S-VECD model implementation study asphalt 

mixtures 

 

 

Table 12. Gradation distribution of the S-VECD model implementation study asphalt 

mixtures 

  

Sieve size, mm % Passing 

25.4 100.0 

19.1 99.4 

12.5 88.5 

9.5 82.9 

4.75 50.0 

2.36 39.1 

1.18 26.8 

0.59 17.1 

0.30 10.4 

0.15 7.0 

0.075 5.4 
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Nine asphalt binders were chosen for this S-VECD model implementation study: 

three unmodified binders with different penetration grades (50/70, 30/45, and 15/25), and six 

totally different modified binders, as presented in Table 13. 

 

Table 13. Binders chosen for the S-VECD implementation study asphalt mixtures 

  

Asphalt 

Mixture ID 
Binder ID Modification 

Performance Grade 

(AASHTO M 320) 

50/70 AC 50/70* No 64-16 

30/45 AC 30/45* No 70-16 

15/25 AC 15/25* No 76-16 

60/85 PMA 60/85** SBS polymer 70-22 

HM High modulus Special chemical package 82-16 

PPA PPA Poliphosforic acid 70-16 

RA-TB Rubber asphalt 
Crumb rubber – terminal 

blending 
70-22 

HIMA HIMA Kraton – HIMA polymer 82-XX 

Elvaloy Elvaloy Elvaloy polymer 70-22 
* penetration grade; **minimum softening point/minimum elastic recovery (ASTM D 36/ASTM D 6084)  

 

The asphalt mixture design is in accordance with AASHTO M 323, which assumes 

design ESALs (AASHTO) in the range of 3 to 30 million (Ndes of 100 gyrations). Because all 

the study mixtures have the same gradation, and based on previous experience (Martins 

2012) where it was found that the design binder content for a given binder differs at most 

±0.2 percent from the group average design binder content (group of mixtures with the same 

aggregate and gradation), it was decided to use the same design binder content for all the 

mixtures, except for the RA-TB mix, because it contains crumb rubber, which affects the 

design binder content significantly. This choice to use the same binder content for all the 

mixtures was made also because it allows a straightforward comparison between the binders’ 

performance under exactly the same conditions.  
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The AC 50/70 binder was used for the mixture design. It was designed with an 

optimum binder content of 5.5 percent for all the mixtures, except for the RA-TB mix, whose 

design binder content is 6.0 percent.   

4.1.2. Fundao Project Asphalt Mixtures 

The eleven asphalt mixtures used in the Fundao project were designed with three 

aggregate sources. The aggregate from the Sepetiba Quarry was the only aggregate used 

initially. Then, later (2010), aggregate from the Emasa Quarry (only the screenings) were 

also introduced in the project, because it was no longer possible to use the screenings from 

the Sepetiba Quarry. Both the Sepetiba and Emasa quarries are located in the city of Rio de 

Janeiro, and their aggregate is typical granite used for asphalt concrete production in the city 

and surrounding areas.  

The aggregate from the Vigne Quarry (the same as used in the implementation study) 

was used only for mixture Syn 19.1 mm, which is a special case where no asphalt binder was 

used in the mixture. Instead, the Synthetic BR binder was employed, which is a clear resin-

based product developed for colored pavement mixture applications. Thus, the Vigne Quarry 

was chosen only for this purpose in consideration of the visual appeal and good quality of the 

mixture.  

For the Sepetiba aggregate, three different gradations with 19.1 mm and 12.5 mm 

NMAS were designed. For the Sepetiba/Emasa aggregate (coarse fractions from Sepetiba and 

screenings from Emasa), two gradations of 19.1 mm and 9.5 mm NMAS were used. For the 

Vigne aggregate, only 19.1 mm NMAS was used in the design. Table 14 shows these 
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gradation distributions, and Figure 57 through Figure 59 present the gradation charts, 

respectively, for the 19.1 mm, 12.5 mm, and 9.5 mm NMAS gradations.  

 

Table 14. Gradation distribution of the Fundao project asphalt mixtures 

  

Sieve size, 

mm 

% Passing 

Sepetiba Sepetiba/Emasa Vigne 

19.1 mm  12.5 mm 19.1 mm (b) 19.1 mm 9.5 mm 19.1 mm 

25.4 100.0 100.0 100.0 100.0 100.0 99.5 

19.1 97.4 99.1 96.5 95.8 100.0 94.6 

12.5 79.2 92.9 82.8 82.6 100.0 76.0 

9.5 72.6 89.0 76.1 64.6 98.1 66.6 

4.75 54.5 54.4 50.8 46.5 74.6 45.9 

2.36 37.7 31.5 39.2 31.6 50.9 26.1 

1.18 29.9 24.9 30.6 25.1 40.0 20.2 

0.59 22.4 18.6 23.1 18.6 29.2 15.7 

0.30 14.7 12.2 16.1 13.4 20.7 12.3 

0.15 8.2 6.8 9.4 7.9 11.9 9.0 

0.075 3.9 3.2 4.7 4.3 6.3 6.1 

 

 
Figure 57. Gradation distribution chart for the 19.1 mm NMAS Fundao project asphalt 

mixtures 
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Figure 58. Gradation distribution chart for the 12.5 mm NMAS Fundao project asphalt 

mixtures 

 

 

The eight binders used in the asphalt mixtures in the Fundao project are presented in 

Table 15. The Fundao project asphalt mixture design is in accordance with AASHTO M 323 

for most mixtures, assuming the design ESALs (AASHTO) in the range of 3 to 30 million 

(Ndes of 100 gyrations). The asphalt mixture with the binder PMA 60/85 Fundao and the 9.5 

mm NMAS gradation (Sepetiba/Emasa aggregate) was designed especially for fatigue 

resistance (bottom layer), so in this case, 50 gyrations were applied for the mixture design, 

where all the parameters for design ESALs lower than 0.3 million (AASHTO M 323) were 

applied. The rubber asphalt mixture was designed for 4.0 percent air void content, using the 

Marshall apparatus (75 blows) instead of the gyratory compactor.  

Table 16 presents all the asphalt mixtures used in the Fundao project test sections.   
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Figure 59. Gradation distribution chart for the 9.5 mm NMAS Fundao project asphalt 

mixture 

 

 

Table 15. Binders used in the Fundao project asphalt mixtures 

  

Binder ID Modification 
Performance Grade 

(AASHTO M 320) 

AC 50/70* Fundao No 64-16 

AC 30/45* Fundao No 70-16 

PMA 65/90** 

Fundao 
SBS polymer (conventional) 70-22 

Rubber asphalt 

Fundao 
Crumb rubber – terminal blending 64-22 

Synthetic BR Fundao Resin-based (no asphaltenes) 58-16 

Bio-asphalt Fundao Biomass 70-16 

PMA 60/85** 

Fundao 
SBS polymer (conventional) 70-22 

Elvaloy Fundao Elvaloy polymer 70-22 
* penetration grade; **minimum softening point/minimum elastic recovery (ASTM D 36/ASTM D 6084)  
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Table 16. Fundao project test section asphalt mixtures  

 

Asphalt mixture 

ID 
Binder ID 

Aggregate 

source 

(Quarry) 

Gradation 

NMAS, mm 

Binder 

content, % 

Mixture 

design 

50/70 12.5 mm 
AC 50/70 

Fundao 
Sepetiba 12.5 mm 5.5 Ndes = 100 

50/70 19.1 mm 
AC 50/70 

Fundao 
Sepetiba 19.1 mm 5.0 Ndes = 100 

30/45 12.5 mm 
AC 30/45 

Fundao 
Sepetiba 12.5 mm 5.5 Ndes = 100 

30/45 19.1 mm 
AC 30/45 

Fundao 
Sepetiba 19.1 mm 5.0 Ndes = 100 

65/90 19.1 mm 
PMA 65/90 

Fundao 
Sepetiba 19.1 mm 5.0 Ndes = 100 

RA-TB 19.1 mm 
Rubber asphalt 

Fundao 
Sepetiba 19.1 mm 5.4 75 blows 

Syn 19.1 mm 
Synthetic BR 

Fundao 
Vigne 19.1 mm 4.9 Ndes = 100 

Bio 19.1 mm 
Bio-asphalt 

Fundao 

Sepetiba/ 

EMASA 
19.1 mm 4.6 Ndes = 100 

60/85 9.5 mm 
PMA 60/85 

Fundao 

Sepetiba/ 

EMASA 
9.5 mm 7.3 Ndes = 50 

60/85 19.1 mm 
PMA 60/85 

Fundao 

Sepetiba/ 

EMASA 
19.1 mm 4.7 Ndes = 100 

Elvaloy 19.1 mm Elvaloy Fundao Sepetiba 19.1 mm (b) 4.6 Ndes = 100 

 

 The Syn 19.1 mm mixture is a yellow material. As aforementioned, it is composed of 

clear aggregate (Vigne) and clear synthetic binder. But it is also important to note that a 

yellow pigment (powder) was added to this material (2% of total mass) during the mixing. 

4.1.3. National MEPDG Project Asphalt Mixtures 

The National MEPDG project asphalt mixtures were designed mostly according to the 

Brazilian specification DNIT 031/2006, which is based on the Marshall apparatus specimen 

compaction. However, all the Nova Dutra pavement site mixtures (ND 15/25, ND HM 1, and 
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ND HM 2) and the UFSC 50/70 mixture were designed according to AASHTO M 323, 

assuming design ESALs (AASHTO) in the range of 3 to 30 million (Ndes of 100 gyrations). 

The aggregates used in the mixtures from the UFSM, UFRGS, USP, and UFSC 

pavement sites are basaltic in origin, and the Nova Dutra aggregate is granitic. Both asphalt 

mixtures used in the UFSM pavement sites are composed of AC 50/70 neat binder, which is 

a typical PG 64-22 product used in Rio Grande do Sul state. These mixtures have the same 

aggregate source, but were designed with different gradations. The UFRGS 60/85 mixture 

uses a SBS-modified binder (PMA 60/85) PG 70-22, which is supposed to provide superior 

performance in terms of both fatigue cracking resistance and rutting resistance. 

The USP pavement site mixtures are fairly similar, with the same aggregate source 

and gradation. The difference between these materials is the binder type, as they have 

different penetration graded net products: AC 30/45 (PG 70-16) for the USP 30/45 mixture 

and AC 50/70 (PG 64-22) for the USP 50/70 mixture. Note that both binders are widely used 

in São Paulo state.  

Regarding the asphalt mixtures used at the Nova Dutra pavement sites, the ND 15/25 

mix is composed of low penetration graded binder (AC 15/25), which provides high stiffness 

to the mixture (PG 76-16). The ND HM 1 and ND HM 2 mixtures also are composed of low 

penetration graded binder (PG 82-16), but have been chemically modified to improve 

performance. It is important to note that the main difference between mixtures ND HM 1 and 

ND HM 2 is the binder content. The ND HM 2 mix was designed with the higher binder 

content, so it is expected to have a better fatigue life (fatigue resistance) than the ND HM 1 

mixture. 
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Both UFSC pavement site asphalt mixtures have the same aggregate source and 

gradation. The UFSC 50/70 mixture is composed of an AC 50/70 neat binder (PG 64-22), 

and the UFSC RA mixture uses a terminal blending rubber asphalt. 

Table 17 presents the gradation distributions for the National project asphalt mixtures. 

The two Nova Dutra mixture gradations present significant differences between the designed 

and as-built conditions. Thus, the values shown in Table 17, only for the Nova Dutra 

mixtures, are those obtained during the test section construction. Figure 60 and Figure 61 

present the gradation charts for the mixtures designed according to the Brazilian 

specifications and the AASHTO standard (19.1 mm NMAS), respectively. 

 

Table 17. Gradation distribution for the National MEPDG project asphalt mixtures 

  

Sieve size, 

mm 

% Passing 

UFSM 

50/50 1 

UFSM 

50/70 2 

UFRGS 

60/85 

USP 30/45 

and USP 

50/70 

ND 

15/25* 

ND HM 1 

and ND 

HM 2* 

UFSC 

50/70 and 

UFSC RA 

25.4 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

19.1 100.0 99.7 100.0 100.0 100.0 100.0 100.0 

12.5 87.8 89.8 91.5 94.2 80.4 83.2 77.0 

9.5 83.9 86.2 82.6 85.4 62.8 72.2 64.3 

4.75 54.1 68.5 55.3 55.0 32.7 34.6 42.9 

2.36 - - - - 17.4 20.7 28.4 

2.00 34.7 38.8 37.8 35.4 - - - 

1.18 - - - - 14.8 14.5 18.2 

0.59     12.5 12.2 13.0 

0.42 15.0 16.9 15.9 13.5 - - - 

0.30 - - - - 10.0 9.9 10.2 

0.18 8.9 9.5 10.3 8.5 - - - 

0.15 - - - - 7.0 7.3 8.6 

0.075 6.8 5.9 6.9 6.0 4.1 4.4 7.3 
* The as-built gradations are reported for these asphalt mixtures.  
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Figure 60. Gradation distribution chart for the National project asphalt mixtures designed 

according to Brazilian specification DNIT 031/2006 

 

        
Figure 61. Gradation distribution chart for the National project asphalt mixtures designed 

according to the AASHTO M 323 standard 

 

 

Figure 61 indicates that the gradation distribution of mixtures ND HM 1 and ND HM 

2 is slightly below the minimum limit at one control point (2.36 mm sieve). This flaw is due 

to the gradation change that occurred in the screenings after the mix design. Note that the ND 
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15/25 asphalt mixture gradation is fairly close to the minimum control point (also at 2.36 mm 

sieve), because the same aggregate was used in this mixture, and the gradations presented for 

the Nova Dutra mixtures are the as-built ones, as aforementioned.   

The binders and the asphalt mixtures used in the National MEPDG project are 

presented in Table 18 and Table 19, respectively.  

 

Table 18. Binders used in the National MEPDG project  

  

Binder ID Modification 
Performance Grade 

(AASHTO M 320) 

*AC 50/70 UFSM 1 No 64-22 

*AC 50/70 UFSM 2 No 64-22 

**PMA 60/85 UFRGS SBS polymer (conventional) 70-22 

*AC 30/45 USP No 70-16 

*AC50/70 USP No 64-22 

*AC 15/25 ND No 76-16 

HM ND Especial chemical package 82-16 

*AC 50/70 UFSC No 64-22 

RA-TB UFSC Crumb rubber – terminal blending - 
* penetration grade; **minimum softening point/minimum elastic recovery (ASTM D 36/ASTM D 6084)  

 

 

It is important to mention that the ND HM 1 and ND HM 2 asphalt mixtures were 

designed with target air void contents at Ndes lower than 4.0 percent. These mixtures have a 

stiff binder with high viscosity, so the research team decided to target their air void contents 

as low as 3.5 percent and 2.7 percent, respectively, in order to increase the asphalt mixtures’ 

binder contents to improve their fatigue performance (resistance). 
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Table 19. Asphalt mixtures used in the National MEPDG project  

 

Asphalt 

mixture ID 
Binder ID 

Aggregate 

source 

(Quarry) 

Gradation 

NMAS, mm 

Binder 

content, % 

Mixture 

design 

UFSM 50/70 1 AC 50/70 UFSM 1 Della 19.1 6.9 75 blows 

UFSM 50/70 2 AC 50/70 UFSM 2 Della 19.1 6.2 75 blows 

UFRGS 60/85 
PMA 60/85 

UFRGS 
TRS 12.5 4.7 

75 blows 

USP 30/45 AC 30/45 USP Jardinopolis 12.5 4.8 75 blows 

USP 50/70 
AC USP 50/70 

USP 
Jardinopolis 12.5 4.7 

75 blows 

ND 15/25 AC 15/25 ND Aparecida 19.1 4.8 Ndes = 100 

ND HM 1 HM ND Aparecida 19.1 4.7 Ndes = 100 

ND HM 2 HM ND Aparecida 19.1 5.2 75 blows 

UFSC 50/70 AC 50/70 UFSC Ararangua 19.1 4.2 Ndes = 100 

UFSC RA RA-TB UFSC Ararangua 19.1 5.4 75 blows 

   

4.2. TEST METHODS 

This section presents the methodologies that were used to assess and analyze the LVE 

and damage (S-VECD) properties of the asphalt concrete mixtures. 

4.2.1. Linear Viscoelastic (LVE) Characterization Methodology 

LVE materials, as asphalt concrete, present time- and temperature-dependent 

behavior. Therefore, their current response is dependent on both the current input and all past 

input. Constitutive relationships for LVE materials typically are expressed in the convolution 

integral form (Park and Shapery 1999), as shown in Equations (78) and (79). 

 

(78) 
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(79) 

 

where E(ξ) and D(ξ) are the relaxation modulus and creep compliance, respectively, and ξ is 

the reduced time. According to Ashouri (2014), these LVE properties are frequently difficult 

to obtain through time domain testing. However, the LVE properties can be measured in the 

frequency domain using the complex modulus. Theoretical considerations of the complex 

modulus can be found elsewhere (Chehab 2002). In short, the complex modulus provides the 

constitutive relationship between the stress and strain amplitudes of a material loaded in a 

steady-state cyclic sinusoidal manner. From the complex modulus, which is a frequency-

dependent property, it is possible to obtain E(ξ) and D(ξ) by interconversion (Chehab 2002). 

Ashouri (2014) listed the following advantages of assessing LVE properties from the 

complex modulus:   

 The long loading time required to assess the time-dependent material properties in the 

time domain may actually damage the specimen and lead to incorrect values. The 

cyclic complex modulus test can cover a wide range of conditions without inducing 

damage in the specimen. 

 It is difficult to obtain the relaxation modulus and creep compliance experimentally at 

very short times. However, through the use of the complex modulus and LVE theory, 

short time values of these properties can be calculated. 

 Small amounts of viscoelasticity can be measured more accurately using the complex 

modulus test than using creep or relaxation tests. 
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 The modulus or compliance measured in the cyclic test can be used directly in the 

analysis of the dynamic response of structures to cyclic and transient loading. 

For this research, the complex modulus test was used to obtain the relaxation 

modulus, which is needed for both the S-VECD characterization (pseudo strain calculation) 

and pavement simulations by the LVECD program. The interconversion method used to 

obtain the relaxation modulus values in this study utilizes an exact technique that 

incorporates the storage modulus in Equation (80). The storage modulus, when expressed in 

terms of reduced angular frequency (ωR), can be expressed using the Prony series 

representation given in Equation (81) (Park and Schapery 1999): 

 

(80) 

 

 

(81) 

 

where 

E = elastic modulus, 

ωR = reduced angular frequency, 

Ei = modulus of i
th

 Maxwell element (fitting coefficient), and 

ρi = relaxation time (fitting coefficient). 

Using the theory of viscoelasticity, Park and Schapery (1999) have shown that the 

Prony representation of the relaxation modulus is given by Equation (82): 
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 Therefore, from the complex modulus test, the storage modulus is calculated by 

Equation (80) and then fitted to the Prony representation (Equation (81)) by using the 

collocation method (Park and Schapery 1999, Schapery 1961). The coefficients determined 

from this process are then used in Equation (82) to find the relaxation modulus directly.     

4.2.2. Dynamic Modulus Test 

The dynamic modulus test is a temperature and frequency sweep test generally used 

for the complex modulus assessment of asphalt mixtures. In this test, a test sample is 

subjected to sinusoidal loading at a fixed load level and frequency for a certain number of 

cycles at a constant temperature. Testing is performed at multiple temperatures and 

frequencies to compile a set of modulus values. The primary material response functions of 

interest are the axial dynamic modulus (|E*|) and phase angle (). 

For this research, the dynamic modulus tests were conducted based on the AASHTO 

T 342 standard. Underwood (2011) pointed out that the peak-to-peak strain amplitude limit 

between 50  and 150 , as prescribed in this standard at any temperature and frequency 

combination, is not strict enough and may allow for other mechanisms (damage, 

viscoplasticity, etc.) to become important. Based on Underwood’s experience, he proposed 

that the appropriate limit for total peak-to-peak strain amplitude is 50  to 75. Thus, this 

stricter limit suggested by Underwood (2011) is used in this research. 

In this study, uniaxial compression dynamic modulus tests were conducted at three 

temperatures, as recommended by the AASHTO PP 61 standard: 4°C, 20°C, and 40°C for 

PG 64-XX and PG 70-XX binders. For stiffer mixtures, such as those prepared with AC 
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15/25 asphalt binders and high modulus values (implementation study), an additional test 

temperature (54°C) was introduced. At each temperature, six frequencies were tested: 25, 10, 

5, 1, 0.5, and 0.1 Hz.  

A servo-hydraulic MTS machine, model 810, was used for these tests. The on-

specimen deformation was measured using two extensometers supplied by MTS model 

632.11-94 with knife edges. The extensometers were attached to the specimen 180° apart 

using a set of elastic strips, as shown in Figure 62. The gauge length used for measuring the 

axial deformation is 100 mm. Despite the high cost of the MTS extensometers, this accurate 

simple approach for on-specimen deformation measurements dispenses with the use of glued 

targets, and it has been used easily and successfully for Petrobras and at North Carolina State 

University for this type of asphalt mixture characterization (Nascimento et al. 2014). 

 

 
Figure 62. Knife edge extensometers attached to a specimen 

 

Asphalt concrete in the LVE range is known to be thermorheologically simple and, as 

such, the effects of frequency and temperature can be combined into a joint parameter, 
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referred to as reduced frequency (
Rf ), through the time-temperature shift factor (aT) using 

Equation (83). 

 

(83) 

 

  

In a practical overview, this behavior allows for the horizontal shifting of the 

isothermal dynamic modulus curves to form a single curve, i.e., the mastercurve, for 

describing the constitutive behavior of asphalt concrete over a wide range of reduced 

frequencies, as shown in Figure 63. 

 

 
Figure 63. Horizontal shifting of isothermal dynamic modulus curves for a typical mixture 

 

  The time-temperature shift factor is the amount of horizontal shift, in log scale, that is 

required to create the continuous mastercurve. The amount of shifting is dependent on the 

temperature of interest, as shown in Figure 64 (Ashouri 2014). 

TR aff 
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Figure 64. Log shift factor function for a typical mixture (reference temperature of 20°C) 

 

 In this research, the mastercurve was fitted to a sigmoidal functional form, Equation 

(84), and the relationship between the shift factor and temperature was fitted to a second-

order polynomial function, Equation (85). Thus, using the Solver function in Microsoft 

Excel, both the sigmoidal coefficients and the logarithm shift factors could be optimized to 

minimize the error between Equation (84) and the logarithm of the measured data. 

 

(84) 

 

 

(85) 

 

where a, b, d, g, 1, 2, and 3 are the fitting coefficients and T is the temperature in °C. With 

the coefficients of Equations (84) and (85), it is then possible, through Equation (83), to find 

the modulus at any temperature and frequency combination. 
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 The same sigmoidal function and procedure can be used to determine the mastercurve 

of the storage modulus ( 'E ) using the same experimental data. Therefore, the relaxation 

modulus, E(ξ), was obtained through the approach described in the previous section, i.e., 

Equations (80), (81), and (82). 

4.2.3. S-VECD Model Fatigue Characterization 

Hou et al. (2010) found that a true controlled-strain test (controlled-on-specimen 

strain, or COS) using cylindrical specimens is difficult to run and can damage the test 

equipment if improperly performed. Other uniaxial fatigue characterization tests include the 

constant rate tension test (monotonic), the controlled-tensile stress-only cyclic test (pull-pull 

controlled-stress test), the controlled-tension-compression stress cyclic test (push-pull 

controlled-stress test), and the CX (actuator) test.  

According to Underwood et al. (2012), the CX test method is preferred by many 

researchers because the constant rate test requires a higher load capacity test machine, the 

pull-pull experiment can introduce significant viscoplastic material responses, and both 

controlled-stress (CS) protocols can fail rapidly and damage the measurement equipment if 

extreme care is not taken.  

However, due to system (machine and specimen) compliance restrictions, the CX test 

also presents viscoplastic deformations with loading, which can affect the fatigue damage 

characterization, especially when the asphalt mixture is soft and/or the test temperature is 

relatively high. Figure 3 (c) illustrates the viscoplastic strain in a CX uniaxial fatigue test. 

Experience has shown that many asphalt mixtures present considerable viscoplastic strain in 
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CX testing at temperatures around 20ºC. So, it is recommended that the CX test should be 

run at slightly lower temperatures, in order to avoid considerable viscoplastic effects on the 

material damage characterization. But the lower the test temperature, the shorter the damage 

characteristic curve (C vs. S), which is a reflection of the brittleness of the material.  

Based on the problems associated with the CX and CS tests described above, the 

author’s experience with COS asphalt mixture testing, and the availability of accurate and 

low noise MTS extensometers for proper COS uniaxial testing, the asphalt mixture S-VECD 

model characterization protocol used in this research was conducted through the use of COS 

uniaxial fatigue testing.  

The main advantage of using the COS test is that no viscoplastic on-specimen strains 

(along the gauge length) are observed throughout the loading, even for soft mixtures and/or 

relatively high temperatures. Also, it is easy and straightforward to set the target input level 

(peak-to-peak on-specimen strain amplitude) in the COS test as opposed to the CX test that 

uses an actuator displacement to obtain an estimated uncontrolled-on-specimen strain. 

With regard to personnel safety and machine protection, for the COS test, the 

machine’s crosshead height is set to a level where the actuator’s displacement is physically 

limited. That is, despite the system’s logical limits, the actuator’s physical maximum 

displacement from the top of the mounted specimen in the loading direction is at most 7 mm. 

Thus, the machine (and the extensometers) and the operator are relatively protected, no 

matter what may occur during the test or during the placement of the specimen. 
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The test machine and the extensometers used for the uniaxial cyclic fatigue test are 

similar to those used for the dynamic modulus test previously described. The test is divided 

into two steps: fingerprint loading and fatigue damage loading. 

Fingerprint loading was run initially to obtain the data for the specimen’s dynamic 

modulus determination under fatigue test conditions (10 Hz) so the DMR for the current test 

can be calculated later. For this step, zero-mean tension-compression COS sinusoidal loading 

(80 cycles) was applied, with peak-to-peak amplitude of 60  (LVE region). After the 

fingerprint loading, the specimen was allowed to rest until the on-specimen strain signals 

stabilized. Then, the fatigue damage loading step was begun. 

For the fatigue damage step, sinusoidal loading of 10 Hz, tensile on-specimen strain-

only, was applied at a fixed on-specimen strain amplitude, as shown in Figure 65. The phase 

angle evolution graph was monitored, so when the phase angle’s sharp decrease was noticed 

(Figure 10), the fatigue test was considered finished, and the number of cycles at the phase 

angle’s peak value was defined as the failure point, or number of cycles to failure (Nf). 
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Figure 65. Tensile on-specimen strain-only input (400 ) and steady-state load output for 

typical COS uniaxial fatigue test; 10 Hz, from cycle 1900 to 1905 

 

Figure 65 indicates that even for tensile on-specimen strain-only input, the steady-

state output is a tension-compression load, with β (Equation (33)) around zero. The results 

obtained for each COS uniaxial fatigue test were processed using the simplified approach 

formulation presented in Equations (48), (49), and (50). Also, for each test, the rate of change 

of the averaged released pseudo strain energy ( RG ) was determined according to Equation 

(59). Usually, four samples were tested for the S-VECD asphalt mixture characterization. 

Therefore, the averaged damage characteristic curve (C vs. S) was fitted in both analytical 

forms expressed in Equations (22) and (23), whereas the failure relationship could be defined 

by plotting RG  versus Nf. 
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4.2.4. Test Specimen Fabrication 

The MLPC BBMAX 80 French mixer (BBMAX) was employed for laboratory 

asphalt mixture production. This equipment is designed for highly homogeneous specimen 

fabrication, in accordance with the European standard EN 12697-35 (Figure 66).  

 

 
Figure 66. MLPC BBMAX 80 French mixer illustration 

 

After the mixing process (120 seconds), the asphalt mixture samples were carefully 

batched into pans for short-term oven conditioning. This conditioning process was performed 

in accordance with AASHTO R 30 for two hours at the compaction temperature. The author 

observed that the BBMAX-produced mixtures conditioned in this manner exhibited similar 
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properties as the plant-produced mixtures. Also, it is important to mention that this short-

term oven conditioning procedure is specified by the Brazilian standard NBR 15785. 

After the short-term conditioning period, both the dynamic modulus and the S-VECD 

fatigue test samples were compacted in the Superpave gyratory compactor. 

The dynamic modulus specimens were compacted to a height of 150 mm and a 

diameter of 100 mm. Because these dimensions represent the final dynamic modulus 

specimen geometry, neither coring nor cutting was needed. Robinette and Williams (2006) 

compared the dynamic modulus test results of specimens obtained through this procedure 

with those obtained from specimens fabricated in accordance with AASHTO T 342, which 

recommends that specimens are compacted to a height of 170 mm and a diameter of 150 mm, 

then cut and cored to a height of 150 mm and a diameter of 100 mm. Robinette and Williams 

(2006) found out that the dynamic modulus values measured by both processes are similar. 

The S-VECD fatigue test specimens were originally compacted to a height of 170 mm 

and a diameter of 100 mm, then cut to a height of 130 mm (Figure 67a). It is important to 

note that an X-ray microtomography study was conducted (Nascimento et al. 2014) in order 

to compare the air void distribution in specimens obtained using this procedure with those 

obtained according to the AASHTO T 342 recommendations, but originally compacted to a 

height of 178 mm. Only one 19.1 mm NMAS mixture was used for this investigation. It was 

verified that the vertical air void distribution, especially at the middle of the specimen, was 

more homogeneous in the specimens prepared in accordance with the procedure used in this 

research. Regarding the horizontal air void distribution, the specimens fabricated as 

suggested by the AASHTO standard presented a slightly small variation.  
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After cutting, the samples were dried and their densities were measured. Usually, the 

target air void contents for both the dynamic modulus test and the S-VECD fatigue test final 

specimens were 5.5 percent ± 0.5 percent. This air void content target is commonly used for 

dense asphalt mixtures designed at 4.0 percent air void content. When the designed air void 

content was other than 4.0 percent, the difference between the designed air void level and 4.0 

percent was used to define the final test specimen’s new air void content target. For example, 

if a given asphalt mixture was designed at 5.0 percent air void content, the final test 

specimen’s air void content was 6.5 percent ± 0.5 percent.    

In the case of the S-VECD fatigue test specimens, after the air void contents were 

checked, they were dried and glued to the steel end platens using slow-setting steel putty and 

a special gluing jig to eliminate any eccentricity (Figure 67b, c). 

 

 

    
(a) (b) (c) 

Figure 67. (a) S-VECD fatigue test specimen, (b) end plates and gluing jig, and (c) specimen 

ready for fatigue testing 
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CHAPTER 5. RESULTS AND ANALYSIS 

5.1. S-VECD MODEL IMPLEMENTATION STUDY 

The S-VECD model protocol for asphalt mixture analysis requires the 

characterization of LVE and damage properties using dynamic modulus and uniaxial fatigue 

tests, respectively. The main objectives of the S-VECD model implementation study are to 

check whether the test methods used in this research are suitable for such a purpose and to 

verify the model’s applicability to Brazilian asphalt mixture characterization in terms of 

fatigue damage. In addition, because the asphalt mixtures used in this study have the same 

aggregate and gradation, the asphalt binder’s effect on the mixtures’ performance at both the 

material and pavement levels can be investigated. 

5.1.1. LVE Characterization 

Three dynamic modulus tests were performed for each mixture to obtain the LVE 

properties. The results were then averaged to process the mastercurves for the reference 

temperature (TR) of 20°C. Table 20 presents the fitting coefficients for the |E*| mastercurves 

and the shift factor functions, as defined by Equations (84) and (85), respectively. 

Figure 68 through Figure 70 show the asphalt mixture mastercurves in semi-log and 

log-log scales, and the phase angle versus reduced frequency, respectively. The results shown 

in these figures indicate that the LVE responses of the mixtures vary significantly when the 

asphalt binders change. For example, the dynamic modulus value at 10 Hz and 20°C for the 

stiffest asphalt mixture (15/25) is 16,880 MPa, which is higher than two times the value of 
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the softer asphalt mixture modulus (60/85). The phase angle differences are also large; for 

these mixtures at the same conditions, the values are 6.5° and 17.2°, respectively. 

 

Table 20. Implementation study asphalt mixtures: mastercurves and shift factor function 

fitting coefficients 

 

Asphalt 

mixture ID 

Sigmoidal function coefficients,  

|E*| in MPa 

Shift factor polynomial 

function coefficients 

a b d g 1 2 3 

50/70 0.489 3.921 1.537 0.569 0.0014 -0.1919 3.2788 

30/45 0.475 3.933 1.828 0.514 0.0011 -0.1868 3.2849 

15/25 -1.346 5.857 2.747 0.406 0.0008 -0.1752 3.1654 

60/85 -0.071 4.515 1.609 0.377 0.0015 -0.2064 3.5409 

HM -0.163 4.624 2.218 0.385 0.0010 -0.1889 3.3814 

PPA -0.454 4.887 1.898 0.487 0.0013 -0.1884 3.2319 

RA-TB -2.965 7.404 2.331 0.376 0.0012 -0.1863 3.2392 

HIMA 0.3666 4.0815 1.8805 0.3982 0.0014 -0.2017 3.4939 

Elvaloy -0.068 4.646 1.661 0.354 0.0007 -0.1734 3.2057 

 

It is important to mention that the asphalt binder, AC 15/25, is an unmodified low 

penetration grade product, usually used for high modulus asphalt mixtures, which explains 

this difference. Also, the mastercurves have different slopes, which affect their sensitivity to 

temperature and/or loading time variations. The 50/70 mixture, for example, which is 

prepared with a typical unmodified binder, is stiffer than the 60/85 mixture at high reduced 

frequencies (low temperatures), whereas at low frequencies (high temperatures) the 

unmodified mixture is softer. This difference is explained by the SBS polymer modification 

of the mixture’s 60/85 asphalt binder.         
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Figure 68. Implementation study asphalt mixture mastercurves in semi-log scale, TR = 20°C 

 

 
Figure 69. Implementation study asphalt mixture mastercurves in log-log scale, TR = 20°C 
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Figure 70. Implementation study asphalt mixture phase angles, TR = 20°C 

 

  

As described in the test methods chapter (Chapter 4), the dynamic modulus and phase 

angle data were used to obtain the relaxation modulus (E(ξ)) values. Table 21 and Table 22 

present the relaxation modulus Prony representation fitting coefficients. The fitting process 

was accomplished using retardation times (ρi) from 2.0 x 10
-10

 seconds to 2.0 x 10
10

 seconds, 

in one-decade increments. Table 23 shows the damage ratio exponents () obtained from the 

relaxation modulus log-log slope, n, from the relationship  = 1+1/n, as suggested by 

Underwood et al. (2009a).  
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Table 21. Implementation study asphalt mixtures: relaxation modulus Prony representation 

fitting coefficients (a) 

 

ρi, s 
Ei, kPa 

50/70 30/45 15/25 60/85 HM 

2.0E+10 3.68E+02 1.02E+03 1.22E+03 2.11E+03 3.91E+03 

2.0E+09 3.25E+02 8.00E+02 1.17E+03 1.33E+03 2.91E+03 

2.0E+08 6.25E+02 1.50E+03 2.83E+03 2.40E+03 5.83E+03 

2.0E+07 1.23E+03 2.95E+03 7.85E+03 4.62E+03 1.28E+04 

2.0E+06 2.54E+03 6.28E+03 2.48E+04 9.65E+03 3.08E+04 

2.0E+05 5.62E+03 1.49E+04 8.44E+04 2.21E+04 8.01E+04 

2.0E+04 1.40E+04 4.06E+04 2.81E+05 5.45E+04 2.13E+05 

2.0E+03 4.08E+04 1.25E+05 8.09E+05 1.40E+05 5.39E+05 

2.0E+02 1.40E+05 4.02E+05 1.83E+06 3.53E+05 1.19E+06 

2.0E+01 5.15E+05 1.16E+06 3.12E+06 8.08E+05 2.18E+06 

2.0E+00 1.63E+06 2.56E+06 4.02E+06 1.58E+06 3.16E+06 

2.0E-01 3.50E+06 3.85E+06 4.23E+06 2.51E+06 3.75E+06 

2.0E-02 4.76E+06 4.32E+06 3.84E+06 3.21E+06 3.86E+06 

2.0E-03 4.98E+06 4.14E+06 3.14E+06 3.61E+06 3.50E+06 

2.0E-04 4.16E+06 3.44E+06 2.38E+06 3.56E+06 2.91E+06 

2.0E-05 3.04E+06 2.62E+06 1.72E+06 3.19E+06 2.27E+06 

2.0E-06 2.03E+06 1.87E+06 1.20E+06 2.66E+06 1.69E+06 

2.0E-07 1.29E+06 1.29E+06 8.18E+05 2.11E+06 1.23E+06 

2.0E-08 7.97E+05 8.62E+05 5.51E+05 1.61E+06 8.67E+05 

2.0E-09 4.82E+05 5.68E+05 3.67E+05 1.19E+06 6.05E+05 

2.0E-10 6.61E+05 9.35E+05 6.29E+05 2.49E+06 1.13E+06 

E 1.02E+04 8.41E+03 7.52E+02 3.90E+03 4.02E+03 
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Table 22. Implementation study asphalt mixtures: relaxation modulus Prony representation 

fitting coefficients (b) 

 

ρi, s 
Ei, kPa 

PPA RA-TB HIMA Elvaloy 

2.0E+10 3.88E+02 2.18E+02 3.56E+03 3.35E+03 

2.0E+09 3.01E+02 1.86E+02 2.44E+03 2.13E+03 

2.0E+08 5.72E+02 4.17E+02 4.62E+03 3.92E+03 

2.0E+07 1.16E+03 1.07E+03 9.46E+03 7.74E+03 

2.0E+06 2.60E+03 3.16E+03 2.12E+04 1.66E+04 

2.0E+05 6.67E+03 1.06E+04 5.16E+04 3.85E+04 

2.0E+04 2.02E+04 3.85E+04 1.32E+05 9.45E+04 

2.0E+03 7.05E+04 1.37E+05 3.38E+05 2.36E+05 

2.0E+02 2.61E+05 4.26E+05 7.94E+05 5.61E+05 

2.0E+01 8.60E+05 1.07E+06 1.59E+06 1.20E+06 

2.0E+00 2.15E+06 2.06E+06 2.61E+06 2.19E+06 

2.0E-01 3.67E+06 3.03E+06 3.43E+06 3.29E+06 

2.0E-02 4.48E+06 3.58E+06 3.75E+06 4.11E+06 

2.0E-03 4.49E+06 3.66E+06 3.62E+06 4.64E+06 

2.0E-04 3.82E+06 3.33E+06 3.15E+06 4.71E+06 

2.0E-05 2.93E+06 2.79E+06 2.54E+06 4.40E+06 

2.0E-06 2.10E+06 2.20E+06 1.94E+06 3.87E+06 

2.0E-07 1.44E+06 1.66E+06 1.43E+06 3.24E+06 

2.0E-08 9.56E+05 1.22E+06 1.03E+06 2.62E+06 

2.0E-09 6.24E+05 8.80E+05 7.24E+05 2.06E+06 

2.0E-10 1.00E+06 1.74E+06 1.38E+06 4.92E+06 

E 2.22E+03 1.49E+02 5.19E+03 4.01E+03 
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Table 23. Implementation study asphalt mixtures: damage ratio exponents () 

 

Asphalt mixture 

ID 
 

50/70 2.94 

30/45 3.13 

15/25 2.96 

60/85 3.55 

HM 3.47 

PPA 2.87 

RA-TB 2.83 

HIMA 3.56 

Elvaloy 3.61 

 

5.1.2. S-VECD Model Fatigue Characterization 

The S-VECD characterization results are presented in two blocks: (i) the asphalt 

mixtures tested at various temperatures and (ii) the asphalt mixtures tested only at 20°C. 

For the multiple-temperature S-VECD characterization, three mixtures were chosen: 

PPA, RA-TB, and HIMA. These materials were chosen because they have totally different 

binders, as the PPA is acid-modified, the RA-TB is crumb rubber-modified, and the HIMA is 

highly polymer-modified. For the S-VECD characterization of the the PPA mixture, five 

fatigue tests were conducted, three at 20°C and two at 25°C. The same number of tests was 

conducted for the RA-TB samples, however, three at 20°C and two at 15°C. Finally, three 

fatigue tests were conducted for the HIMA mixture, two at 20°C and only one at 15°C. Table 

24 presents the strain amplitudes (inputs) and the number of cycles to failure (Nf) for these 

tests. 
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Table 24. Fatigue testing data for PPA, RA-TB, and HIMA mixtures 

 

Asphalt 

mixture ID 
Specimen 

Strain 

amplitude,  

Test temperature, 

 °C 
Nf, cycles 

PPA 

13 400 20 3515 

14 350 20 8925 

16 298 20 22755 

17 402 25 11755 

18 453 25 7255 

RA-TB 

03 299 15 4355 

05 226 15 60055 

06 302 20 6005 

08 203 20 50205 

09 402 20 2755 

HIMA 

09 400 20 30005 

10 397 15 3005 

12 453 20 6805 

 

Figure 71through Figure 74 show the damage characteristic curves (C vs. S) obtained 

at multiple temperatures and different strain amplitudes for the PPA, RA-TB, and HIMA 

asphalt mixtures. It can be noted that the damage characteristic curves obtained at the 

different conditions collapse very well for the three asphalt mixtures. The asphalt rubber 

mixture (RA-TB) presents slightly scattered results, but it can be observed that this 

dispersion is not related to the temperature, because the averaged damage curves at 15°C and 

20°C collapse quite well, as presented in Figure 73.  
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Figure 71. PPA asphalt mixture damage characteristic curves, TR = 20°C  

         

 
Figure 72. RA-TB asphalt mixture damage characteristic curves, TR = 20°C  
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Figure 73. RA-TB asphalt mixture average damage characteristic curves, TR = 20°C  

 

 
Figure 74. HIMA asphalt mixture damage characteristic curves, TR = 20°C  
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In this research, the G
R
-based fatigue failure criterion proposed by Sabouri and Kim 

(2014) was used for asphalt mixture and pavement analyses. Therefore, it is important that 

this approach was evaluated for its applicability for Brazilian materials as well as for the test 

methods used in this research. Figure 75 through Figure 77 present the G
R
 versus Nf failure 

envelopes for the PPA, RA-TB, and HIMA asphalt mixtures, respectively. Analyzing the 

fatigue failure lines based on the G
R
, it is possible to conclude that the approach proposed by 

Sabouri and Kim (2014) has worked properly for these Brazilian asphalt mixtures. It is noted 

that for all the failure envelopes, the G
R
 correlates highly with the Nf (very high R-squared 

values), even when the test temperatures are different (15°C, 20°C, and 25°C). 

 

 
Figure 75. PPA asphalt mixture: G

R
 versus Nf failure envelope, TR = 20°C  

 

 



 

161 

 
Figure 76. RA-TB asphalt mixture: G

R
 versus Nf failure envelope, TR = 20°C  

 

 
Figure 77. HIMA asphalt mixture: G

R
 versus Nf failure envelope, TR = 20°C  
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Table 25 presents the averaged damage characteristic curves and the G
R
 failure 

envelope regression coefficients for all the asphalt mixtures analyzed in the S-VECD model 

implementation study (Table 13). The damage characteristic curve coefficients are those 

obtained for the power analytical form presented in Equation (22), and the G
R
 failure 

envelopes were fitted to the following analytical form: 

 

(86) 

 

 

where Υ and Δ are the fitting coefficients. 

 Figure 78 and Figure 79 show the averaged damage characteristic curves and the G
R
 

failure envelopes for the implementation study asphalt mixtures. 

 

Table 25. Implementation study asphalt mixtures: average damage characteristic curves and 

G
R
 failure envelope regression coefficients 

 

Asphalt 

Mixture ID 

C vs. S G
R 

C10 C11 C12   

50/70 1.0 0.000233 0.718 1092217 -1.214 

30/45 1.0 0.0000966 0.765 19845560 -1.430 

15/25 1.0 0.00000247 1.030 10710956 -1.287 

60/85 1.0 0.000977 0.570 3037431 -1.230 

HM 1.0 0.000152 0.685 6240899 -1.304 

PPA 1.0 0.000496 0.618 7085778 -1.304 

RA-TB 1.0 0.000551 0.626 8436557 -1.378 

HIMA 1.0 0.000611 0.573 1574402 -1.045 

Elvaloy 1.0 0.000261 0.669 1953944 -1.195 

 

 


 f

R NG
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Figure 78. Implementation study asphalt mixtures: average damage characteristic curves, TR 

= 20°C  

 

 
Figure 79. Implementation study asphalt mixtures: G

R
 versus Nf failure envelopes, TR = 20°C  
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Figure 78 and Figure 79 indicate that the asphalt binders affect the damage of the 

asphalt mixtures. For example, the HIMA mixture exhibits the uppermost G
R
 failure 

envelope and the third damage curve in the vertical position. On the other hand, the 

unmodified 50/70 mixture presents both of its curves at the lowest position. This observation 

can be an indicator of good and bad fatigue performance, respectively. 

However, as shown in Figure 68 and Figure 69, the asphalt mixes present very 

different LVE behavior, which also affects the damage analysis, because the damage 

parameter (S) depends on both the pseudo strain (R
) and the damage exponent (). 

Considering that S is used for the material integrity predictions (C) and consequently for the 

G
R
 determination, the best way to assess the material-level fatigue performance is through 

fatigue test simulations, as presented in the next section. 

5.1.3. S-VECD Model Fatigue Test Simulations 

Sabouri and Kim (2014) showed that the S-VECD model coupled with the G
R
 failure 

criterion is an accurate method for predicting the fatigue life of asphalt mixtures under 

different loading conditions (temperature, frequency, mode-of-loading, etc.). In order to 

check the model’s accuracy for the Brazilian materials and test methods used in this study, 

the experimental fatigue test results (Nf) of the three mixtures (PPA, RA-TB, and HIMA) 

tested at multiple temperatures are compared to the fatigue results obtained through the S-

VECD model simulations using the G
R
 failure criterion.  

Because the fatigue test used in this study is the COS test, and considering that the 

on-specimen strain amplitude is practically constant throughout the test, the fatigue 
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experimental results used in the simulations are the averaged on-specimen strain, the 

averaged β (it is practically constant, too), and Nf. Thus, the on-specimen strain needed to 

reach the experimental Nf can be backcalculated easily using the S-VECD model simulations. 

Figure 80 and Figure 81 present comparisons of the experimental and predicted on-

specimen strains. Based on the simulation results presented, it is concluded that the approach 

used in this research for damage characterization and fatigue life prediction is accurate. The 

average error of the on-specimen strain predictions is 2.1 percent, and the error range is -6.0 

percent to 15.9 percent. The maximum prediction error was obtained for a RA-TB mixture 

test, which was expected due to the scattered S-VECD test results found for this material 

(Figure 72). 

 

 
Figure 80. Comparison between experimental and predicted on-specimen strains versus Nf 

for the PPA, RA-TB, and HIMA asphalt mixtures 
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Figure 81. Comparison between experimental and predicted on-specimen strains for the PPA, 

RA-TB, and HIMA asphalt mixtures 

 

In order to compare the fatigue life (material level) of the implementation study 

asphalt mixtures, simulations were run at three temperatures: 15°C, 20°C, and 25°C. The 

simulations were run using controlled-strain mode-of-loading at 10 Hz, and β was assumed to 

be -0.08, which is the averaged experimental value. This β value was assumed because it 

allows a simple comparison to be made between the simulations at 20°C and the respective 

experimental results (fatigue curve comparison); similar conditions were used in these cases. 

Figure 82 through Figure 84 show the results of the fatigue life simulations for all the 

implementation study mixtures at 15°C, 20°C, and 25°C, respectively. 
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Figure 82. Implementation study asphalt mixtures: fatigue life simulations at 15°C and 10 Hz 

 

 
Figure 83. Implementation study asphalt mixtures: fatigue life simulations at 20°C and 10 Hz 
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Figure 84. Implementation study asphalt mixtures: fatigue life simulations at 25°C and 10 Hz 

 

It can be noted that the asphalt binder plays an important role in the mixture’s fatigue 

life. Comparing the worst and the best mixtures at the material level, the fatigue life 

difference between these mixtures can be as large as 100 times, depending on the 

temperature and strain amplitude. The HIMA mixture exhibited the best performance at the 

three temperatures, which was expected because this product is highly polymer-modified. In 

addition, it has been noticed that HIMA mixtures exhibit superior in-service fatigue 

performance.  

The temperature also affects the asphalt mixture’s fatigue life. Observing the 

simulation results, in general, the fatigue life increases as the temperature increases for the 

temperature range (15°C to 25°C) considered in the simulations. However, some mixtures 

are more sensitive to the temperature variation than others. For example, at 25°C, the 15/25 

mixture exhibited the worst performance of the group. However, at 15°C, this mixture 
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performed better than the others, as the 50/70 mixture became the worst performing mixture. 

In order to better illustrate this behavior, Figure 85 through Figure 87 present comparisons of 

the fatigue life simulation results at different temperatures for the 50/70, 30/45, and 15/25 

mixtures, respectively. It can be observed that the fatigue life envelopes of the 50/70 and 

30/45 mixtures move up as the temperature increases, as is expected for this temperature 

range. On the other hand, the 15/25 mixture fatigue envelopes move down as the temperature 

increases within the same temperature range, which has not been commonly observed. This 

behavior can be explained by the combination of the LVE and damage properties of the 

asphalt mixtures. In the case of the 15/25 mixture (very high modulus value), as the 

temperature increases from 15°C to 20°C, the dissipation modulus ( ''E ) increases 

significantly, as shown in Figure 88. Thus, more viscous energy is dissipated, and 

consequently, the damage energy dissipation increases, too. On the other hand, for the 50/70 

and 30/45 mixtures (and the other mixtures, too), the ''E  decreases or almost does not change 

as the temperature varies from 15°C to 25°C (Figure 88), so the decreasing elastic component 

( 'E ) dominates the damage variation in this temperature range (Figure 89). 

In addition, it can be noted that both the 50/70 and 30/45 mixtures exhibited the 

biggest jump in their fatigue envelopes when the temperature was increased from 20°C to 

25°C, whereas for the 15/25 mixture, this jump occurred when the temperature decreased 

from 20°C to 15°C. Figure 88 indicates that these points are related to the ''E  variation. Also, 

the 50/70 mixture appears to be more sensitive to the rise in temperature than the 30/45 

mixture. Because both mixtures show similar ''E  trends, this observation can be explained by 



 

170 

the sharper downward slope of the 'E  versus temperature curve exhibited by the 50/70 

mixture (Figure 89). 

     

 
Figure 85. 50/70 mixture fatigue life simulations at 10 Hz and different temperatures 

 

 
Figure 86. 30/45 mixture fatigue life simulations at 10 Hz and different temperatures 
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Figure 87. 15/25 mixture fatigue life simulations at 10 Hz and different temperatures 

 

 
Figure 88. E´´ at 10 Hz versus temperature for the 50/70, 30/45, and 15/25 asphalt mixtures 
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Figure 89. E´ at 10 Hz versus temperature for the 50/70, 30/45, and 15/25 asphalt mixtures 

 

Figure 90 presents the Nf values for an strain amplitude of 300  and 10 Hz at 

multiple temperatures, obtained via S-VECD simulations, for the 50/70, 30/45, and 15/25 

mixtures. 
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Figure 90. Nf at 300  and 10 Hz at different temperatures for the 50/70, 30/45, and 15/25 

asphalt mixtures 

 

 Figure 90 indicates that at temperatures below 25°C, the fatigue life of the 15/25 

mixture increases as the temperature decreases for this simulation condition (10 Hz). For the 

50/70 and 30/45 mixtures (and the other mixtures, too), this critical point occurs only at 

temperatures around or below 10°C. These findings match the results presented in Figure 82 

through Figure 84. 

Mom and Barra (2013) characterized the fatigue behavior of another high stiffness 

Brazilian asphalt mixture prepared with a binder similar to the one used in the 15/25 mixture. 

This mixture has a 19.1 mm NMAS with a designed binder content of 5.7 percent. For 

fatigue characterization, Mom and Barra (2013) followed the French standard AFNOR NF P 

98-261-1, which tests the asphalt mixture using trapezoidal geometry under controlled-strain 
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sinusoidal loading at 25 Hz. They ran the test set at two temperatures, 10°C and 30°C. The 

fatigue life envelopes obtained by Mom and Barra (2013) are shown in Figure 91. 

 

    
Figure 91. Fatigue life envelopes of the high stiffness mixture characterized by Mom and 

Barra (2013) 

  

 

Figure 91 shows that the fatigue failure envelope obtained at 10°C is higher than that 

obtained at 30°C. This finding is in accordance with the 15/25 mixture S-VECD simulation 

results presented previously.  

Thus, the S-VECD model coupled with the G
R
 failure criterion was able to predict the 

complex fatigue behavior of the 15/25 asphalt mixture at different temperatures from fatigue 

tests conducted at only 20°C. This finding reinforces the model’s capability to combine the 

LVE and damage properties with the t-TS principle with growing damage to predict the 

asphalt mixtures’ behavior in terms of fatigue life. 
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From the results and analysis presented in this section, it is possible to conclude that 

the test methods herein described and the S-VECD model are appropriate for Brazilian 

asphalt mixture characterization. Note that Mom and Barra (2013) spent about four months 

characterizing the high stiffness mixture, whereas using the S-VECD model protocol, it takes 

no more than five days to fabricate the samples and to run all the dynamic modulus and 

uniaxial fatigue tests. 

In the next section, the fatigue performance of the model implementation study’s 

asphalt mixtures is ranked and compared to the performance of the asphalt binders. 

5.1.4. Effect of Binder Type on Asphalt Mixture Fatigue Performance 

Taking into account that the implementation study asphalt mixtures have the same 

aggregate and gradation distribution as well as similar binder content (only the RA-TB 

mixture has different binder content), it is worthwhile to compare the fatigue performance of 

the asphalt mixtures directly to the binder properties. In this regard, the asphalt binder fatigue 

characterization was conducted using the linear amplitude sweep (LAS) test at 19°C, in 

accordance with the provisional AASHTO TP 101 standard. This test incorporates an 

oscillatory strain sweep that consists of linearly increasing the strain from 0.1 percent to 30 

percent effective strain amplitude at a constant frequency of 10 Hz over the course of 310 

seconds (Safaei et al. 2014). Although the LAS test is not a simple test that allows for typical 

fracture analysis, it is successful at producing damage at an accelerated rate and, therefore, 

can still be considered useful for damage resistance characterization for practical 

specifications (Hintz and Bahia 2013). Thus, the VECD model was used to analyize the LAS 
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data (Hintz et al. 2011) in order to predict the asphalt binder fatigue life at three strain 

amplitudes (1.25%, 2.5%, and 5.0%).  

The failure criterion adopted for the LAS binder tests is based on the approach 

proposed by Hintz and Bahia (2013), where the apparent reduction in pseudo stiffness is used 

to estimate the crack growth (a). The minimum crack growth rate (da/dN) prior to the rapid 

increase in the crack growth rate coincides with the crack length (af) where loading resistance 

begins and then decreases rapidly (as illustrated in Figure 92). Thus, this critical crack length 

(af) is considered to be a reasonable failure criterion (Hintz and Bahia 2013) and can be used 

for the VECD model predictions, because the pseudo stiffness at this point is defined as the 

pseudo stiffness at failure (Cf). Note that the asphalt binder fatigue simulations were run at 10 

Hz under controlled-strain mode-of-loading. 

 

 
Figure 92. da/dN versus a for typical LAS test at 19°C 

 

 

af 
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Figure 93 shows the fatigue envelopes (obtained via VECD model simulations) of the 

implementation study asphalt binders at 19°C, and Figure 94 presents their crack lengths at 

failure (af). Note that the rubber asphalt binder fatigue results are not shown, because the data 

obtained in the LAS test for this sample are not reliable, probably due to the presence of 

crumb rubber particles.  

 

   
Figure 93. Implementation study asphalt binders: fatigue envelopes at 19°C 

 

Comparing the binders’ fatigue envelopes with the asphalt mixtures’ fatigue 

envelopes is not a straightforward task. The fatigue envelope slopes for the binders and 

mixtures vary and also present different trends. Therefore, it is cumbersome to make a direct 

comparison between the Nf values, because, depending on the strain amplitudes chosen for 

the analysis, the relationship between the binder and the mixture, as well as their respective 

ranking positions, can change significantly. 
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Figure 94. Implementation study asphalt binders: crack length at failure (af) at 19°C 

 

Considering the results obtained in this study, it is proposed that an index referred to 

as the fatigue area factor (FAF) should be used for fatigue performance ranking and 

comparison of the asphalt binders and mixtures. The FAF represents the area that is limited 

by the fatigue envelope, in log-log scale, between two strain amplitudes, ini and end, as 

shown in Figure 95. In the case of the asphalt mixtures, the strain amplitude range chosen for 

analysis is that commonly found at the bottom of the asphalt layer, based on typical 

pavement analysis in Brazil; this range is between 100  and 200  for strong and weak 

pavements, respectively. Thus, from a simplified point of view, the higher the FAF, the better 

the asphalt mixture fatigue life tends to be at the material level. 

For the asphalt binder FAF calculations, the strain amplitude limits were chosen 

based on the asphalt mixture strains. According to Underwood (2011), the average relative 
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strain values between scales will change depending upon various mixture-dependent 

properties, but a good rule of thumb for carrying out experiments is that the binder has a 

strain value that is about 122 times that of the mixture. Therefore, the strain values, ini and 

end, chosen for the asphalt binder FAF calculations are 1.25 percent and 2.5 percent, 

respectively. 

          

 
Figure 95. Fatigue area factor (FAF) graphical representation 

 

Table 26 presents the FAF and af values at 19°C, and Figure 96 compares these 

results. Note that the FAFs are denoted as FAFM and FAFB for asphalt mixtures and asphalt 

binders, respectively. Figure 96 indicates that the FAFM and FAFB values relate very well. 

Only the AC 30/45 data are slightly outside the trends. The binder parameters, FAFB and af, 

have an excellent relationship, but FAFB correlates better to mixture performance. Table 27 
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presents the implementation study’s asphalt mixture rankings as determined from the FAFM, 

FAFB, and af.  

Table 26. FAFs and af values at 19°C 

   

Binders ID af, mm FAFM (mixtures) FAFB (binders) 

AC 50/70 0.74 1.62 1.22 

AC 30/45 1.12 1.64 1.43 

AC 15/25 0.46 1.64 1.18 

PMA 60/85 1.33 2.09 1.59 

High modulus 1.05 1.89 1.52 

PPA 0.87 1.83 1.27 

RA-TB - 1.68 - 

HIMA 1.68 2.82 1.91 

Elvaloy 0.83 1.86 1.35 

 

 

 
Figure 96. Comparison of FAFs and af values at 19°C 
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Table 27. Implementation study asphalt mixtures: rankings determined from FAFM, FAFB, 

and af , controlled-strain 

   

Ranking position 
Ranking criterion 

af FAFM FAFB 

1 HIMA HIMA HIMA 

2 60/85 60/85 60/85 

3 30/45 HM HM 

4 HM Elvaloy 30/45 

5 PPA PPA Elvaloy 

6 Elvaloy 30/45 PPA 

7 50/70 15/25 50/70 

8 15/25 50/70 15/25 

 

 

The RA-TB mixture is not included in Table 27 because it does not have good binder 

data, as aforementioned. However, its ranked position according to the FAFM criterion is just 

below that of the PPA mixture.  

From Table 27, it is concluded that the best fatigue performance under controlled-

strain at the material level was obtained for the HIMA and 60/85 mixtures (polymer-

modified materials). The HM and Elvaloy mixtures show relative good performance, 

whereas the 50/70 and 15/25 mixtures are always at the bottom of Table 27. Comparing the 

ranking positions established from the FAFM and FAFB criteria, and excluding the 30/45 

mixture data, the classification results are about the same. The only difference is for the 

50/70 and 15/25 mixtures. However, these materials present very similar FAFs (practically a 

technical tie). In addition, excluding the 30/45 mixture data again and considering the similar 

performance at the material level of the 50/70 and 15/25 mixtures, the af criterion also ranks 

the materials well, but in this case the positions of the Elvaloy and PPA mixtures are 

exchanged when compared to the other classifications. 
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The classifications presented in Table 27 do not take into account the asphalt 

mixtures’ stiffness values, their behavior at temperatures other than 19°C, and the 

combination of the mixtures’ properties with pavement structure, climate, and traffic loading. 

These variables can significantly affect the asphalt mixtures’ in-service performance, 

especially because the samples present very different LVE properties (stiffness values). 

5.2. FUNDAO PROJECT PAVEMENT SIMULATIONS 

5.2.1. Asphalt Mixture Characterization 

The LVE and S-VECD properties of the Fundao project asphalt mixtures were 

obtained and analyzed in a similar manner as for the model implementation study’s asphalt 

mixtures. Table 28 presents the fitting coefficients for the |E*| mastercurves and the shift 

factor functions, as defined by Equations (84) and (85), respectively. Figure 97 through 

Figure 102 present the asphalt mixture mastercurves in semi-log and log-log scales, and the 

phase angles versus reduced frequency, respectively.  
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Table 28. Fundao project asphalt mixtures: mastercurves and shift factor function fitting 

coefficients 

 

Asphalt 

mixture ID 

Sigmoidal function coefficients,  

|E*| in MPa 

Shift factor polynomial 

function coefficients 

a b d g 1 2 3 

50/70 12.5 mm 1.1200 3.2900 1.4300 0.6720 0.00049 -0.1420 2.6400 

50/70 19.1 mm 1.0800 3.3400 1.4200 0.6640 0.00101 -0.1730 3.0500 

30/45 12.5 mm -0.5960 5.0700 2.0700 0.5030 0.00135 -0.2000 3.4600 

30/45 19.1 mm -0.1850 4.6300 2.1800 0.5450 0.00100 -0.1820 3.2400 

65/90 19.1 mm 1.1900 3.2900 0.9130 0.5100 0.00121 -0.1780 3.0800 

RA-TB 

 19.1 mm 
0.8890 3.4500 1.2300 0.5920 0.00066 -0.1440 2.6100 

Syn 19.1 mm 1.7538 2.5737 1.5320 0.7262 0.0014 -0.2046 3.5221 

Bio 19.1 mm -0.6688 5.1645 2.0589 0.4491 0.0014 -0.2083 3.6192 

60/85 9.5 mm 1.1678 3.1696 0.9391 0.5308 0.0011 -0.1765 3.0994 

60/85 19.1 mm 1.1310 3.2904 1.2670 0.5247 0.0010 -0.1675 2.9617 

Elvaloy 19.1 

mm 
-1.4326 6.0081 2.1468 0.4093 0.0015 -0.2025 3.4495 

 

       
Figure 97. Fundao project asphalt mixtures: mastercurves in semi-log scale, TR = 20°C (a) 
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Figure 98. Fundao project asphalt mixtures: mastercurves in semi-log scale, TR = 20°C (b) 

 

 
Figure  99. Fundao project asphalt mixtures: mastercurves in log-log scale, TR = 20°C (a) 
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Figure  100. Fundao project asphalt mixtures: mastercurves in log-log scale, TR = 20°C (b) 

 

  
Figure 101. Fundao project asphalt mixtures: phase angles, TR = 20°C (a) 
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Figure 102. Fundao project asphalt mixtures: phase angles, TR = 20°C (b) 

 

  

Table 29 and Table 30 present the relaxation modulus Prony representation fitting 

coefficients, and Table 31 shows the damage ratio exponents (). 

  

Table 29. Fundao project asphalt mixtures: relaxation modulus Prony representation fitting 

coefficients (a) 

 

ρi, s 

Ei, kPa 

50/70 

 12.5 mm 

50/70  

19.1 mm 

30/45 

 12.5 mm 

30/45  

19.1 mm 

65/90 

 19.1 mm 

RA-TB 

19.1 mm 

2.0E+10 2.32E+02 2.38E+02 3.43E+02 3.31E+02 1.17E+03 3.35E+02 

2.0E+09 2.50E+02 2.47E+02 2.81E+02 2.88E+02 8.49E+02 2.91E+02 

2.0E+08 5.21E+02 5.10E+02 5.45E+02 5.73E+02 1.50E+03 5.52E+02 

2.0E+07 1.10E+03 1.06E+03 1.14E+03 1.22E+03 2.69E+03 1.07E+03 

2.0E+06 2.38E+03 2.28E+03 2.63E+03 2.92E+03 5.02E+03 2.15E+03 

2.0E+05 5.39E+03 5.13E+03 7.09E+03 8.17E+03 9.89E+03 4.61E+03 

2.0E+04 1.33E+04 1.26E+04 2.29E+04 2.78E+04 2.11E+04 1.09E+04 

2.0E+03 3.75E+04 3.59E+04 8.68E+04 1.13E+05 4.98E+04 2.97E+04 

2.0E+02 1.28E+05 1.24E+05 3.46E+05 4.70E+05 1.31E+05 9.49E+04 

2.0E+01 5.10E+05 4.95E+05 1.18E+06 1.58E+06 3.66E+05 3.34E+05 

2.0E+00 1.85E+06 1.80E+06 2.90E+06 3.60E+06 1.06E+06 1.08E+06 
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Table 29 (Continued) 

 

ρi, s 

Ei, kPa 

50/70 

 12.5 mm 

50/70  

19.1 mm 

30/45 

 12.5 mm 

30/45  

19.1 mm 

65/90 

 19.1 mm 

RA-TB 

19.1 mm 

2.0E-01 4.22E+06 4.16E+06 4.46E+06 4.89E+06 2.24E+06 2.54E+06 

2.0E-02 5.64E+06 5.62E+06 5.03E+06 5.07E+06 3.84E+06 3.82E+06 

2.0E-03 5.46E+06 5.59E+06 4.93E+06 4.48E+06 5.06E+06 4.42E+06 

2.0E-04 4.12E+06 4.34E+06 4.22E+06 3.50E+06 5.36E+06 4.02E+06 

2.0E-05 2.70E+06 2.92E+06 3.33E+06 2.53E+06 4.78E+06 3.13E+06 

2.0E-06 1.63E+06 1.81E+06 2.47E+06 1.75E+06 3.78E+06 2.20E+06 

2.0E-07 9.39E+05 1.07E+06 1.77E+06 1.17E+06 2.75E+06 1.45E+06 

2.0E-08 5.28E+05 6.14E+05 1.23E+06 7.64E+05 1.90E+06 9.25E+05 

2.0E-09 2.93E+05 3.48E+05 8.46E+05 4.94E+05 1.27E+06 5.75E+05 

2.0E-10 3.48E+05 4.20E+05 1.51E+06 7.86E+05 2.06E+06 8.51E+05 

E 2.22E+04 1.86E+04 2.20E+03 2.52E+03 2.22E+04 1.06E+04 

 

 

Table 30. Fundao project asphalt mixtures: relaxation modulus Prony representation fitting 

coefficients (b) 

 

ρi, s 

Ei, kPa 

Syn 19.1 mm Bio 19.1 mm 60/85 9.5 mm 
60/85 19.1 

mm 

Elvaloy 19.1 

mm 

2.0E+10 4.55E+02 5.97E+02 7.60E+02 1.23E+03 4.86E+02 

2.0E+09 5.32E+02 4.54E+02 5.95E+02 9.56E+02 3.77E+02 

2.0E+08 1.16E+03 8.85E+02 1.08E+03 1.74E+03 7.76E+02 

2.0E+07 2.55E+03 1.90E+03 1.98E+03 3.23E+03 1.79E+03 

2.0E+06 5.66E+03 4.59E+03 3.75E+03 6.27E+03 4.74E+03 

2.0E+05 1.30E+04 1.29E+04 7.44E+03 1.29E+04 1.45E+04 

2.0E+04 3.15E+04 4.14E+04 1.59E+04 2.92E+04 4.95E+04 

2.0E+03 8.48E+04 1.45E+05 3.74E+04 7.40E+04 1.75E+05 

2.0E+02 2.63E+05 4.86E+05 9.87E+04 2.08E+05 5.69E+05 

2.0E+01 8.86E+05 1.36E+06 2.82E+05 5.99E+05 1.51E+06 

2.0E+00 2.68E+06 2.85E+06 8.10E+05 1.61E+06 3.05E+06 

2.0E-01 4.35E+06 4.17E+06 1.83E+06 3.02E+06 4.52E+06 

2.0E-02 4.81E+06 4.73E+06 3.11E+06 4.31E+06 5.23E+06 

2.0E-03 3.77E+06 4.75E+06 3.86E+06 4.68E+06 5.39E+06 

2.0E-04 2.41E+06 4.21E+06 3.68E+06 4.13E+06 4.93E+06 
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Table 30 (Continued) 

 

ρi, s 

Ei, kPa 

Syn 19.1 mm Bio 19.1 mm 60/85 9.5 mm 
60/85 19.1 

mm 

Elvaloy 19.1 

mm 

2.0E-05 1.39E+06 3.46E+06 2.91E+06 3.16E+06 4.18E+06 

2.0E-06 7.52E+05 2.69E+06 2.03E+06 2.20E+06 3.35E+06 

2.0E-07 3.96E+05 2.00E+06 1.32E+06 1.45E+06 2.58E+06 

2.0E-08 2.05E+05 1.46E+06 8.16E+05 9.18E+05 1.93E+06 

2.0E-09 1.06E+05 1.04E+06 4.92E+05 5.70E+05 1.41E+06 

2.0E-10 1.07E+05 2.02E+06 6.61E+05 8.17E+05 2.93E+06 

E 8.07E+04 1.63E+03 2.25E+04 2.39E+04 6.69E+02 

 

 

Table 31. Fundao project asphalt mixtures: damage ratio exponents () 

 

Asphalt mixture ID  

50/70 12.5 mm 2.88 

50/70 19.1 mm 2.86 

30/45 12.5 mm 2.77 

30/45 19.1 mm 2.71 

65/90 19.1 mm 3.43 

RA-TB 19.1 mm 2.71 

Syn 19.1 mm 3.23 

Bio 19.1 mm 2.92 

60/85 9.5 mm 3.41 

60/85 19.1 mm 3.39 

Elvaloy 19.1 mm 2.89 

 

 

Considering the S-VECD model protocol validation discussed in the Section 5.1, the 

S-VECD model tests of the Fundao project asphalt mixtures were performed only at 20°C. 

Table 32 presents the averaged damage characteristic curves and the G
R
 failure 

envelope regression coefficients for the Fundao project asphalt mixtures. Figure 103 through 
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Figure 106 show the averaged damage characteristic curves and the G
R
 failure envelopes of 

the Fundao project asphalt mixtures, respectively. 

 

Table 32. Fundao project asphalt mixtures: averaged damage characteristic curves and G
R
 

failure envelope regression coefficients 

 

Asphalt 

mixtures ID 

C vs. S G
R 

C10 C11 C12   

50/70 12.5 mm 1.0 0.000083 0.807 5064581 -1.360 

50/70 19.1 mm 1.0 0.000154 0.758 1587412 -1.214 

30/45 12.5 mm 1.0 0.000089 0.787 2988891 -1.288 

30/45 19.1 mm 1.0 0.000071 0.812 4673062 -1.348 

65/90 19.1 mm 1.0 0.001530 0.528 3709564 -1.211 

RA-TB 19.1 

mm 
1.0 0.000907 0.599 6120075 -1.359 

Syn 19.1 mm 1.0 0.000626 0.617 20749123 -1.430 

Bio 19.1 mm 1.0 0.000148 0.754 4862885 -1.332 

60/85 9.5 mm 1.0 0.004997 0.422 13637499 -1.291 

60/85 19.1 mm 1.0 0.002140 0.500 24110196 -1.412 

Elvaloy 19.1 

mm 
1.0 0.000083 0.780 4460400 -1.331 
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Figure 103. Fundao project asphalt mixtures: averaged damage characteristic curves, TR = 

20°C (a) 

 

 
Figure 104. Fundao project asphalt mixtures: averaged damage characteristic curves, TR = 

20°C (b)  
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Figure 105. Fundao project asphalt mixtures: G

R
 versus Nf failure envelopes, TR = 20°C (a) 

 

 
Figure 106. Fundao project asphalt mixtures: G

R
 versus Nf failure envelopes, TR = 20°C (b)  

  

 

In order to compare briefly the fatigue life under controlled-strain of the Fundao 

project asphalt mixtures, test simulations were run at 20°C only under the same conditions 
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(10 Hz and β=-0.08) that were adopted for the implementation study test simulations. Figure 

107 and Figure 108 show the fatigue envelopes obtained. 

  In a general overview, the Fundao project mixtures prepared with the AC 30/45 

asphalt binder presented the highest dynamic modulus values, especially the 19.1 mm NMAS 

mixture. The Elvaloy 19.1 mm mixture also presented high stiffness values. On the other 

hand, the mixtures fabricated with rubber asphalt and polymer-modified binders, PMA 60/85 

and PMA 65/90, mainly the 60/85 9.5 mm asphalt mixture, showed the lowest stiffness 

values. In addition to its polymer-modified binder, the 60/85 9.5 mm asphalt mixture has a 

fine gradation (9.5 mm NMAS), and its Ndes is 50 gyrations, which provides a soft material.  

 

   
Figure 107. Fundao project asphalt mixtures: fatigue life simulations at 20°C and 10 Hz (a) 
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Figure 108. Fundao project asphalt mixtures: fatigue life simulations at 20°C and 10 Hz (b) 

 

 

Regarding the fatigue damage behavior at 20°C, the 60/85 9.5 mm and 65/90 19.1 

mm asphalt mixtures showed the best performances at the material level under controlled-

strain, as expected. The rubber asphalt material also showed excellent fatigue resistance, 

especially when compared to the unmodified mixtures. Both AC 50/70 mixtures seem to 

have about the same fatigue behavior, whereas the 30/45 19.1 mm mixture exhibited the 

worst performance. The Elvaloy 19.1 mm mixture also showed poor controlled-strain fatigue 

behavior. 

The mixtures fabricated with the bio-asphalt and the resin-based binder exhibited 

fatigue behavior that was comparable to that of the unmodified mixtures, although the resin-

based mixture showed better controlled-strain fatigue performance than the bio-asphalt 

mixture. 
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Note that for the comparison of the Fundao project mixtures’ fatigue behavior, the 

FAF approach was not taken, because the fatigue envelopes presented similar slopes. 

In sum, the Fundao project asphalt mixtures present a wide range of LVE properties 

and damage characteristics. Such differences in asphalt mixture behavior are desirable in this 

research, as they make the validation and calibration of the LVECD program framework 

more robust for pavement performance analysis. 

5.2.2. Fundao Project Test Sections: Fatigue Damage Simulations  

Initially, four Fundao project test sections were chosen for the pavement simulations 

using the LVECD program. The idea behind choosing a few test sections for the initial 

analysis was to explore and define the best method for capturing pavement damage from the 

simulations, and then to apply that method for the remaining Fundao project test section 

simulations.  

The test sections selected initially were constructed during the first semester of 2007 

and presented different levels of ‘percent cracked area’ during the last survey. Table 33 and 

Table 34 present the test sections that were chosen for the initial analysis and their traffic 

levels, respectively, and Figure 109 and Figure 110 show these test sections’ fatigue ‘percent 

cracked area’ evolution and the average deflections (basins), respectively. 
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Table 33. Fundao project test sections chosen for initial pavement analysis 

 

Test section 

ID 

Homogeneous 

pavement segment 

 (Table 3) 

Overlay 

technique 

(Figure 43) 

Overlay 

thickness, mm 
Asphalt mixture 

19 10 2 
51 

59 

30/45 19.1 mm 

65/90 19.1 mm 

34 10 1 58 30/45 19.1 mm 

37 8 1 52 30/45 12.5 mm 

40 8 5 59 30/45 12.5 mm 

 

 

Table 34. Initial test sections: traffic level, number of ESALs (USACE) 

 

Test section ID 
Number of ESALs 

(first year) 

Traffic yearly growth 

rate, % 
Traffic speed, km/h 

19 7.28E+05 3.0 60 

34 1.11E+06 3.0 60 

37 1.18E+06 3.0 40 

40 1.39E+06 3.0 60 

 

 
Figure 109. Initial Fundao test sections: fatigue ‘percent cracked area’ evolution 
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From Table 33 and Table 34 it is possible to observe that the chosen test sections 

were rehabilitated using different techniques (full milling, partial milling, and SAM) and 

asphalt mixtures. In addition, the yearly traffic level (first year) is seen to vary from 

7.28E+05 to 1.36E+06 ESALs. The ‘percent cracked area’ evolutions shown in Figure 109 

were obtained from the field survey data (Table 7). For very high damage levels (>70%), the 

‘percent cracked area’ determined from the field observations becomes somewhat scattered.  

A comparison of the cracked areas with the deflection basins, shown in Figure 110, 

indicates that TS 37, which has the most cracked areas, also presents the weakest pavement 

structure. On the other hand, TS 40, which has the heaviest traffic loading, is not cracked. 

Although TS 40 exhibits about the same structural behavior as TS 19 and TS 34, its 

rehabilitation technique does not include milling the old asphalt layer, so the pavement 

responses are different (thicker asphalt layer). In addition to these construction-related 

aspects, the overlay asphalt mixture for TS 40 exhibited slightly better fatigue resistance than 

the asphalt layers used on top of TS 19 and TS 34. The SAM layer applied on TS 40 appears 

to have prevented the old asphalt layer cracks from propagating upward, which is not true, 

because the results shown later support the idea that this good behavior is related to the 

pavement responses associated with the mixture properties. Moreover, the TS 19 overlay was 

applied on the top of the base layer, without any old cracked asphalt layer underneath, and 

even so, TS 19 shows some cracked area (about 7%).  

The backcalculation approach was taken to obtain the elastic modulus values of the 

base, sub-base, and subgrade pavement layers. In this approach, the average deflection basins 

and the layer thicknesses that are associated with the known material properties are used as 
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input for the analysis. For this task, the BAKFAA 2.0.0.0 program was employed, which 

performs backcalculation of layer moduli using layered elastic analysis and a downhill 

multidimensional simplex minimization method. The function minimized is the sum of the 

squares of the differences between the measured vertical pavement surface deflections and 

the vertical pavement surface deflections that were computed using layered elastic analysis 

(FAA 2012). 

 
Figure 110. Initial Fundao test sections: average deflection basins (FWD)  

 

In order to standardize the backcalculation, and based on the author’s experience, the 

new asphalt layer initial modulus was assumed as the |E*| value obtained at 10 Hz and 30°C, 

the old asphalt layer modulus initial value was assumed as 3,000 MPa, and the SAM layer 

was assumed as the old asphalt layer, as the old asphalt layer became 1.5 cm thicker in this 

case.  
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Given that the hourly temperature data for Brazil are unavailable, the Miami, FL 

climate database in the EICM was used to define the hourly temperature variation in the 

Fundao project pavements throughout the year. The Miami climate data were chosen because 

the recorded temperature averages are very similar to those for Rio de Janeiro. For example, 

over the course of a year, Miami’s temperature typically varies from 15°C to 32°C, and in 

Rio de Janeiro it varies from 17°C to 33°C. Other climatic factors are also relatively similar 

when both climates are compared. Thus, using Miami’s climate database for pavement 

simulations in Rio de Janeiro is a reasonable choice. However, for the LVECD program 

simulations, the Miami temperature data were shifted six months in order to synchronize 

them with the seasons in Brazil. 

The traffic loading input used for the LVECD program analysis was the number of 

ESALs (Table 34. ), obtained from the USACE equivalent factors, as suggested by the 

Brazilian pavement design guide (DNIT 2006). Traffic speed also was considered. No 

monthly adjustment factors were applied, and the hourly truck distribution used is shown in 

Figure 39. The axle load is 80 kN and the tire pressure adopted is 800 kPa with a rectangular 

area shape (length/width ratio of 1.5714). 

For the LVECD program pavement simulations, the new asphalt layers (overlays) 

were considered viscoelastic with damage, and the properties are those presented in Table 28 

(only the temperature shift factor function coefficients), Table 29, Table 31, and Table 32. 

All the remaining layers, including the old asphalt layers, are considered linear elastic, and 

their properties were determined based on backcalculation. Neither thermal stress nor healing 

was considered in the Fundao project pavement fatigue analysis. 
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The simulation time used for the Fundao project analysis is 15 years. The LVECD 

program divides the climatic history into three daily time segments to capture the variation in 

temperatures throughout the day. These daily time segments are 5:00-12:00, 12:00-19:00, 

and 19:00-5:00. The climatic history is provided as the averaged hourly temperatures during 

a given time over a month, and this process is repeated for the first 12 months of analysis. 

The program then calculates the stress and strain responses for the traffic loading for each 

daily segment, totaling 36 daily segments throughout the first year. The stress and strain 

responses are then stored and used to predict subsequent years in the design life of the 

pavement. This method assumes that the stress response does not change significantly as 

damage increases in order to reduce the simulation time (Lacroix 2012; Eslaminia et al. 

2012). Therefore, the 15-year simulation is divided into 540 segments. 

The pavement responses obtained for each segment are then used for the fatigue 

analysis using the VECD model coupled with the G
R
 failure criterion. Thus, throughout the 

simulation time, both the pseudo stiffness (C) and the N/Nf ratio are computed at many 

different points within the asphalt layer. The N/Nf ratio is obtained from the G
R
 failure 

criterion using Miner’s law, whose values range from 0 to 1, undamaged and totally 

damaged, respectively. In order to quantify the asphalt layer fatigue damage in this study, the 

N/Nf ratio values underneath the loaded area were averaged. The average is computed for a 

grid of 110 points, with 10 points equally distributed in the horizontal direction from the 

center of loading (0 cm) to 32.85 cm, and 11 points in the vertical direction, from the bottom 

of the asphalt layer to the surface, equally distributed, as shown in Figure 111. 
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The advantage of using this averaging approach for damage computation is the direct 

consideration of the stress distribution throughout the asphalt layer during the damage 

analysis, which includes the tire-pavement contact stresses. Figure 112 presents the averaged 

damage versus time data, as simulated using the LVECD program for the initial test sections. 

 

 

    
Figure 111. Grid of 110 points considered in the average damage calculation (N/Nf) 
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Figure 112. Averaged damage versus time data simulated in the LVECD program: Fundao 

project initial test sections 

 

Considering that the TS 19 overlay has two different asphalt layers, it is important to 

note that the averaged damage shown for this test section refers only to the top asphalt layer, 

because the bottom layer (polymer-modified mixture) was not damaged significantly in the 

simulations, as can be observed in Figure 113.  

Figure 113 through Figure 116 present the damage contours at 60 months for the test 

sections. Given that the averaged damage increased rapidly in the TS 37 simulations, the 

damage contours at six months also are presented for this case. Figure 117 shows the damage 

color scale used in the contours. 
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Figure 113. TS 19: damage contour at 60 months, N/Nf  

 

 
Figure 114. TS 34: damage contour at 60 months, N/Nf 

 

  

 

 
Figure 115. TS 37: damage contours at 6 and 60 months, N/Nf 
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Figure 116. TS 40: damage contours at 60 months, N/Nf  

 

 

 
Figure 117. Damage color scale   

 

 

Comparing the averaged damage evolutions with the ‘percent cracked areas’ 

presented in Figure 109, the test sections with higher averaged damage values present higher 

percentages of cracked areas as well. The damage contour of TS 19 (Figure 113) shows that 

only the top asphalt layer exhibited damage, which is more pronounced in the upper part of 

this layer. This finding matches the field observations and is in accordance with the mixture’s 

characteristics, because the top layer is the 30/45 19.1 mm mixture (poor fatigue 

performance) and the bottom layer is the 65/90 19.1 mm mixture (very good fatigue 

performance). However, the pavement responses affect this damage pattern, too (Baek 2010). 

Figure 118 shows a core sample obtained from TS 19, where top-down cracking can be 

observed. 
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Figure 118. Core sample obtained from TS 19, where top-down cracking can be observed  

 

The damage contours of TS 34 and TS 37 suggest that the cracking in these sections 

was not caused only by the damage at the bottom of the asphalt layer (bottom-up cracking), 

as the upper part also shows a high damage level (bi-directional cracking). TS 37 and TS 40 

have the same overlay asphalt mixture (30/45 12.5 mm), but the damage patterns within the 

asphalt layers are totally different. Considering that these test sections have about the same 

traffic loading but different pavement structural behavior (Figure 110), it can be concluded 

that the damage at the top of the layer is highly influenced by the pavement’s structure. In 

sum, based on the damage contour patterns obtained from the initial simulations, the 

averaged damage proposed in this study (Figure 111) seems to be appropriate for capturing 

the damage level within the asphalt layer, as opposed to the typical traditional approaches 

that use the damage level only at the bottom of the asphalt layer.     
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5.2.3. Defining Damage-to-Cracked Area Transfer Functions 

Figure 119 and Figure 120 show the relationship between the averaged damage (N/Nf) 

and the pavement’s ‘percent cracked area’ in arithmetic and semi-log scales, respectively. 

Note that the averaged damage implicitly contains the asphalt mixture properties, traffic 

level, pavement structure, climate, and all other LVECD program inputs. Therefore, the 

averaged damage curve shown in Figure 119 should correlate all the simulation variables 

with the pavement performance observed in the field (‘percent cracked area’).  

The best scenario for the averaged damage and cracked area correlations shown in 

Figure 119 and Figure 120 would be the collapse of all the curves, which would indicate that 

the averaged damage and ‘percent cracked area’ would have a unique relationship. But this 

scenario is not true for the results presented.    

 

 
Figure 119. Fundao project initial test sections: cracked area versus averaged damage in 

arithmetic scale 
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Figure 120. Fundao project initial test sections: cracked area versus averaged damage in 

semi-log scale 

 

However, comparing the data presented in Figure 112 and Figure 120 , the damage 

level at the point when the test sections start the fatigue cracking process increases as the 

averaged damage growth rate increases. This finding can have a physical meaning: (i) it can 

be caused by the effects of the stress redistribution due to damage, which are not considered 

in the simulations and can differ according to the averaged damage growth rate, or (ii) for 

lower averaged damage growth rates, the aging effect on the asphalt layer is more severe, 

thereby reducing the material’s damage tolerance, as shown by Safaei et al. (2014). 

Moreover, as shown in Figure 119 and Figure 120, the curves have about the same shape. 

Based on these observations, it seems that the initial averaged damage versus cracked 

area curves can be shifted horizontally, using some damage growth rate variable, in order to 
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obtain a unique relationship between the cracked area and shifted damage. Thus, two 

averaged damage growth rate indices are defined in this study: (i) the time in the simulation 

when the averaged damage is 0.35, in months (T0.35) and (ii) the secant rate between twelve 

months and one month, in terms of averaged damage per month (R12-1). Note that the 

averaged damage level of 0.35 occurs at very different times for the initial test sections. 

Figure 121 shows a scheme of the calculations for both damage growth rate indices. 

  

 

Figure 121. Scheme of T0.35 and R12-1 calculations 

 

In order to check the correlation between the simulated damage level at the beginning 

of cracking and the damage growth rate index values, the simulated damage levels at 10 

percent of the cracked area (N/Nf @ 10%) of the initial test sections are plotted versus T0.35 

and R12-1 in Figure 122 and Figure 123, respectively. It is important to mention that only the 

data for test sections 19, 34, and 37 are shown, because TS 40 has not cracked yet. Also, each 

T0.35 

R12-1 
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test section had its cracked area versus averaged damage curve fitted to a power form 

function (Figure 124), so the N/Nf at 10 percent could be determined analytically. Because 

TS 19’s cracked area in the last survey was 6.7 percent, the N/Nf  at 10 percent for this test 

section was obtained by extrapolation using its fitted power function.     

 

 
Figure 122. Fundao project initial test sections: averaged damage level at 10% of cracked 

area versus T0.35  
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Figure 123. Fundao project initial test sections: averaged damage level at 10% of cracked 

area versus R12-1  

  

 

The results presented in Figure 122 and Figure 123 show that a strong correlation 

should exist between the averaged damage when the field fatigue cracking starts and the 

initial damage growth rate index values. That is, the more the simulated damage grows in the 

beginning, the more damage occurs once cracking starts. 

 



 

210 

 
Figure 124. Fundao project initial test sections: cracked area versus averaged damage curve-

fitting in semi-log scale 

 

Based on the initial Fundao project test section findings aforementioned, the same 

procedure was applied to analyze the 27 Fundao project test sections. Figure 125 and Figure 

126 show the averaged damage versus time curves of all the Fundao project test sections, as 

obtained from the LVECD program simulations. Figure 127 provides the labeling symbols 

used for the test sections shown in Figure 125 and Figure 126 as well as for the other Fundao 

test section data presented later in this chapter.   
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Figure 125. Fundao project test sections: (a) averaged damage versus time simulated in the 

LVECD program (a)  

 

      
Figure 126. Fundao project test sections: (b) averaged damage versus time simulated in the 

LVECD program (b) 
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Figure 127. Test section symbols used for the data presented in Figure 125 and Figure 126 

(and elsewhere in this dissertiation) 

 

Considering that the TS 19, TS 88, and TS 93 overlays have two different asphalt 

layers, it is important to note that the averaged damage shown for these test sections refers 

only to the top asphalt layer, as their bottom layers (polymer-modified mixtures) were not 

damaged significantly in the simulations. 

Figure 128 and Figure 129 show the correlations between the averaged damage (N/Nf) 

and the cracked areas in arithmetic and semi-log scales, respectively, for all the Fundao 

project test sections. In Figure 128 and Figure 129 it can be noted that the correlation 

between the cracked area and averaged damage is not unique, as already pointed out for the 

initial test sections. From Figure 125, Figure 126, and Figure 128, it can be verified that the 

damage level when the test sections start the fatigue cracking process increases as the 

averaged damage growth rate increases, which is similar to that observed for the initial test 

sections. 

Thus, following the same procedure used for the initial test sections, the simulated 

damage levels at 10 percent of the cracked area for all the fatigue cracking in the Fundao test 

sections are plotted versus T0.35 and R12-1 in Figure 130 and Figure 131, respectively. Note 
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that the Fundao project has 27 test sections that were used in this study; however, Figure 130 

and Figure 131 present only 17 data points, because 10 test sections have not cracked yet or 

present very low ‘percent cracked areas’. 

 

 
Figure 128. All Fundao project test sections: cracked area versus averaged damage in 

arithmetic scale 
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Figure 129. All Fundao project test sections: cracked area versus averaged damage in semi-

log scale 

 

 
Figure 130. All fatigue-cracked Fundao project test sections: averaged damage level at 10% 

cracked area versus T0.35  
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Figure 131. All fatigue-cracked Fundao project test sections: averaged damage level at 10% 

cracked area versus R12-1  

 

Figure 130 and Figure 131 definitively indicate that both the T0.35 and R12-1 index 

values are strongly correlated to the damage level when field fatigue cracking starts. 

Furthermore, Figure 130 shows that for T0.35 around 80 months, the averaged damage at 10 

percent cracked area tends to stabilize. 

Based on the results and observations presented, and aiming to obtain a unique 

correlation between averaged damage and ‘percent cracked area’, the averaged damage 

growth rate indices T0.35 and R12-1 can then be used to develop damage shifting functions. The 

concept behind this idea is to shift the averaged damage versus cracked area curves 

horizontally, based on their initial damage growth rates, in order to obtain a single 

relationship between the shifted damage and the ‘percent cracked area’. 
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 Initially, a reference shifted damage condition of 0.5 for 10 percent cracked area was 

assumed. Then, the factors for shifting the actual averaged damage versus cracked area 

curves to the shifted reference damage condition were determined. It is important to mention 

that two types of shift factors were tried: the additive shift factor (Δ) and the multiplicative 

shift factor (S). Also, the shifted damage was defined as reduced damage (N/Nf red). 

Equations (87) and (88) present the reduced damage equations for Δ and S, respectively. 

 

(87)    

 

 

(88) 

 

 

Figure 132 and Figure 133 present the additive shift factor (Δ) correlations with T0.35 

and R12-1, respectively, and Figure 134 and Figure 135 show the multiplicative shift factor 

correlations with both indices, respectively. 
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Figure 132. All fatigue-cracked Fundao project test sections: additive shift factor (Δ) versus 

T0.35 – reference reduced damage of 0.5 for 10% cracked area   

 

 
Figure 133. All fatigue-cracked Fundao project test sections: additive shift factor (Δ) versus 

R12-1 – reference reduced damage of 0.5 for 10% cracked area  
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Figure 134. All fatigue-cracked Fundao project test sections: multiplicative shift factor (S) 

versus T0.35 – reference reduced damage of 0.5 for 10% cracked area  

 

  
Figure 135. All fatigue-cracked Fundao project test sections: multiplicative shift factor (S) 

versus R12-1 – reference reduced damage of 0.5 for 10% cracked area  
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All the shift factors presented in Figure 132 through Figure 135 show strong 

correlations with the damage growth indices. However, the multiplicative shift factor (S) 

looks to have slightly less scattered correlations with both the T0.35 and R12-1 indices; thus, S 

was selected for composing the shift factor functions. According to Figure 134, S correlates 

linearly with T0.35, and its correlation with R12-1 can be fitted to a second-order polynomial 

function. Equations (89) and (90) present both shift factor functions, respectively. 

 

(89)    

 

 

(90) 

 

where 

35.0TS = multiplicative shift factor based on T0.35, 

112RS = multiplicative shift factor based on R12-1, 

A, B = linear function fitting coefficients, and 

β1, β2, and β3 = second-order polynomial function fitting coefficients. 

Although 
35.0TS presents a strong linear correlation with T0.35, it is important to 

observe from Figure 128 that the N/Nf  at 10 percent cracked area tends to stabilize for T0.35 

longer than 80 months. Thus, for pavement simulations with T0.35 longer than 80 months, it 

should be assumed that T0.35 = 80 months. 

Figure 136 and Figure 137 present the cracked area versus averaged reduced 

damage plots (shifted damage plots) in semi-log scale. In both cases Equation (88) was 
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applied for the averaged reduced damage calculations. However, in Figure 136, Equation 

(89) was applied for the 
35.0TS calculation, whereas in Figure 137, Equation (90) was used for 

the 
112RS  determination. It is important to mention that the fitting coefficients used in these 

equations are those presented in Figure 134 and Figure 135, respectively. 

Figure 136 and Figure 137 indicate that the correlations between the cracked area 

and averaged reduced damage for the different Fundao project test sections present evenly 

collapsed curves for both damage shift approaches. Based on this observation, and 

considering that the cracked area is a field determination, which naturally presents high 

variability, it can be concluded that ‘percent cracked area’ and averaged reduced damage 

have a unique relationship for all the Fundao project test sections.     

 

 
Figure 136. All Fundao project test sections: cracked area versus averaged reduced damage 

based on 
35.0TS  in semi-log scale   
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Figure 137. All Fundao project test sections: cracked area versus averaged reduced damage 

based on 
112RS  in semi-log scale  

 

In addition, note that in both figures the averaged reduced damage at 10 percent 

cracked area tends to be 0.5, which is expected, because this condition was used as the shift 

reference. Moreover, it should be pointed out that the actual non-cracked test section data 

also are plotted in Figure 136 and Figure 137, which show that these sections present the 

correlation as well. That is, the actual non-cracked test sections present averaged reduced 

damage similar to that obtained for the actual cracked sections when they had not yet 

cracked. 

Once a unique relationship between the ‘percent cracked area’ and averaged reduced 

damage was obtained, this correlation could be used to define the damage-to-cracked area 

transfer function for the LVECD program analysis protocol proposed in this study. The first 

candidate damage-to-cracked area transfer function analytical form is that found in the 
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AASHTO MEPDG (NCHRP 2004), which presents a sigmoidal shape, as shown in Equation 

(91) and Figure 138. 

  

       

(91) 

 

 

where 

CA  = fatigue cracked area in percentage, 

N/Nf  = averaged damage, and  

C1, C2  = fitting coefficients. 

   
Figure 138. AASHTO MEPDG bottom-up fatigue cracking sigmoidal transfer function: 

United States national calibration (NCHRP 2004) 

 

 

The correlation forms shown in Figure 136 and Figure 137 do not exhibit sigmoidal 

shapes, even for high damage levels. Thus, the AASHTO MEPDG damage-to-cracked area 
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transfer function was not chosen. Instead, the power function form was selected, as it better 

correlates the ‘percent cracked area’ and averaged reduced damage. The reduced damage-to-

cracked area transfer function chosen is presented in Equation (92). 

 

(92) 

 

where 

CA   = fatigue cracked area in percentage, 

S
f

red
N

N  = averaged reduced damage based on multiplicative shift factor (S), and  

C1, C2  = fitting coefficients. 

 In order to obtain the power function fitting coefficients, C1 and C2, an iterative 

optimization procedure was run. This procedure consists of defining the power and shift 

function fitting coefficients using the method of least squares through two steps. The first 

step uses the actual shift factor function fitting coefficients to obtain the initial C1 and C2 

values that minimize the sum of the squared residuals between the observed cracked area and 

the predicted cracked area. Then, in the second step, the shift factor function coefficients (A 

and B or β1, β2, and β3) and the initial power function coefficients are optimized together in 

order to reduce the residuals. Note that the predicted values that are higher than 100 percent 

of the cracked area are considered as 100 percent. Figure 139 and Figure 140 show the final 

curve-fittings for the reduced damage-to-cracked area transfer functions based on 
35.0TS and 

112RS , respectively. Table 35 presents the final fitting coefficients. 
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Figure 139. Averaged reduced damage-to-cracked area transfer function curve-fitting based 

on 
35.0TS  in semi-log scale 

 

 
Figure 140. Averaged reduced damage-to-cracked area transfer function curve-fitting based 

on 
112RS  in semi-log scale 
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Table 35. Averaged reduced damage-to-cracked area transfer function final fitting 

coefficients 

 

Based on 
35.0TS  Based on 

112RS  

Shift function coefficients: Equations (89) and (90) 

A 0.008274 β1 836.913 

B 0.635237 β2 -50.496 

 β3 1.399 

Power form transfer function coefficients: Equation (92) 

C1 7272.68 C1 3700.98 

C2 8.6629 C2 7.4006 

 

Figure 141 and Figure 142 present comparisons of the observed and predicted cracked 

areas obtained from damage shifting based on 
35.0TS  and 

112RS , respectively. 

 

 
Figure 141. Comparison of observed versus predicted cracked areas based on 

35.0TS  
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Figure 142. Comparison of observed versus predicted cracked areas based on 

112RS  

 

  Observing these figures, both damage shift approaches present about the same 

prediction capabilities, as the R-square values for both correlations are the same. It is 

important to note that the data shown in Figure 139 and Figure 140 seem to be less scattered 

than those presented in Figure 141 and Figure 142, respectively. However, the averaged 

damage versus time correlations (Figure 125 and Figure 126) indicate less damage variation 

in terms of time as the damage level increases. Meanwhile, Figure 139 and Figure 140 show 

that the cracked area and reduced damage correlations are very sensitive to small changes in 

the reduced damage. The fact that the predicted cracked area depends on both relationships 

explains the reason that the data shown in Figure 141 and Figure 142 look slightly scattered. 

Nonetheless, the prediction capabilities presented in Figure 141 and Figure 142 (R-

square of 0.72) are considered good for modeling pavement fatigue cracking. The NCHRP 

Report 457 (Pierce and McGovern 2014) presents a synthesis of the AASHTO MEPDG 
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implementation in the United States, where R-square values above 0.65 are considered to 

have good prediction capabilities. The same report mentions that the fatigue cracking 

prediction capability of the AASHTO MEPDG (United States national calibration) is poor, as 

it presents an R-square of 0.27.   

With regard to accuracy, the AASHTO MEPDG (United States national calibration) 

fatigue cracking prediction standard error of the mean is 5.01 percent compared to 1.27 

percent obtained for the LVECD model’s damage shift approach proposed in this 

dissertation. That is, the method herein proposed is much more accurate than the actual 

MEPDG tool that is widely used in United States. However, it should be considered that so 

far only the Fundao project test sections are included in the analysis. 

In the Figure 141 and Figure 142 comparisons, it should be taken into account that 

large differences between the observed and predicted cracked areas are not necessarily 

related to large prediction errors from a practical standpoint. For example, if a given 

pavement exhibits 40 percent cracked area and the simulation predicts 20 percent, the traffic-

wise difference (number of ESALs) between these damage levels may be small, because 

once the fatigue cracking begins, it grows rapidly. In order to make this observation clear, 

four Fundao test section predictions are compared in Figure 143. Note that the predictions 

were made using the 
35.0TS  approach.  



 

228 

 
Figure 143. Comparison of observed versus predicted cracked areas of four Fundao project 

test sections, based on 
35.0TS   

    

The data presented in Figure 143 are scattered, as these test sections were purposely 

chosen for this example. In addition, the four test sections had overlays with very different 

mixtures: 30/45 19.1 mm (TS 34), 50/70 12.5 mm (TS 45), RA-TB 19.1 mm (TS 58), and 

Syn 19.1 mm (TS 89). Figure 144 through Figure 147 present comparisons between the 

observed and predicted cracked areas versus traffic level (ESALs) for each selected test 

section, respectively, in semi-log scale.  
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Figure 144. Observed and predicted (

35.0TS ) cracked areas versus ESALs: TS 34 

 

 

 
Figure 145. Observed and predicted (

35.0TS ) cracked areas versus ESALs: TS 45 
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Figure 146. Observed and predicted (

35.0TS ) cracked areas versus ESALs: TS 58 

 

 

 
Figure 147. Observed and predicted (

35.0TS ) cracked areas versus ESALs: TS 89 

 

Analyzing these traffic-wise comparisons, it can be seen that even having scattered 

correlations in the observed versus predicted cracked area space (Figure 143), the cracked 
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area versus traffic level predictions for the selected test sections present good agreement with 

their respective pavement’s observed performance. If typical pavement design fatigue failure 

criteria between 20 percent and 40 percent of the cracked area were used, the four test section 

simulations would predict the traffic levels (number of ESALs) accurately.  

Only at very high fatigue cracking levels (cracked areas larger than 50 percent) are 

the predictions of TS 45 in disagreement with the field performance. However, it should be 

pointed out that at such high damage levels, the VECD model may not properly describe the 

asphalt mixture behavior in some cases, as other cracking and damage mechanisms that are 

not considered in the simulations may be at work. Even the pavement structure can change 

when the asphalt layer becomes too damaged, as the propagation of the cracks throughout the 

entire asphalt layer thickness will eventually allow water to seep into the lower unbound 

layers, thereby weakening the pavement structure and reducing the overall performance. 

Thus, the LVECD model damage shift approach proposed herein is not recommended for 

very high fatigue cracked area predictions, such as those higher than 50 percent.   

5.3. NATIONAL MEPDG PROJECT PAVEMENT SIMULATIONS 

5.3.1. Asphalt Mixture Characterization 

The LVE and S-VECD properties of the National MEPDG project asphalt mixtures 

were obtained and analyzed in a similar manner as for the Fundao project asphalt mixtures. 

Table 36 presents the fitting coefficients for the |E*| mastercurves and the shift factor 

functions, as defined by Equations (84) and (85), respectively. Figure 148 through Figure 153 
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present the asphalt mixture mastercurves in semi-log and log-log scales, and the phase angles 

versus reduced frequency, respectively.  

    

Table 36. National project asphalt mixture mastercurves and shift factor function fitting 

coefficients 

 

Asphalt 

mixture ID 

Sigmoidal function coefficients,  

|E*| in MPa 

Shift factor polynomial 

function coefficients 

a b d g 1 2 3 

UFSM 50/70 1 0.9473 3.3961 1.2626 0.6024 0.0006 -0.1634 3.0193 

UFSM 50/70 2 0.9477 3.4774 1.5433 0.5453 0.0010 -0.1882 3.3681 

UFRGS 60/85 1.6288 2.7900 0.9925 0.5610 0.0007 -0.1699 3.1054 

USP 30/45 0.9514 3.5363 1.4108 0.5410 0.0010 -0.1818 3.2258 

USP 50/70 1.0799 3.3309 1.3356 0.5909 0.0005 -0.1498 2.8080 

ND 15/25 -3.0617 7.4954 2.8493 0.4483 0.0009 -0.1813 3.2563 

ND HM 1 0.3928 4.0538 1.9009 0.4471 0.0013 -0.1901 3.2711 

ND HM 2 -0.8328 5.3268 1.9684 0.3855 0.0011 -0.1857 3.2848 

UFSC 50/70 0.8186 3.7379 1.1587 0.5515 0.0016 -0.2089 3.5321 

UFSC RA 1.2111 3.2826 1.0921 0.4974 0.0010 -0.1711 3.0259 
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Figure 148. National project asphalt mixtures: mastercurves in semi-log scale, TR = 20°C (a) 

 

       
Figure 149. National project asphalt mixtures: mastercurves in semi-log scale, TR = 20°C (b) 
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Figure  150. National project asphalt mixtures: mastercurves in log-log scale, TR = 20°C (a) 

 

 
Figure  151. National project asphalt mixtures: mastercurves in log-log scale, TR = 20°C (b) 
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Figure 152. National project asphalt mixtures: phase angles, TR = 20°C (a) 

 

 

  
Figure 153. National project asphalt mixtures: phase angles, TR = 20°C (b) 

 

  

Table 37 and Table 38 present the relaxation modulus Prony representation fitting 

coefficients, and Table 39 shows the damage ratio exponents (). 
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Table 37. National project asphalt mixtures: relaxation modulus Prony representation fitting 

coefficients (a) 

 

ρi, s 

Ei, kPa 

UFSM 50/70 

1 

UFSM 50/70 

2 

UFRGS 

60/85 
USP 30/45 USP 50/70 

2.0E+10 2.97E+02 9.86E+02 1.48E+03 9.52E+02 6.42E+02 

2.0E+09 2.79E+02 8.14E+02 1.21E+03 7.26E+02 5.34E+02 

2.0E+08 5.47E+02 1.52E+03 2.22E+03 1.33E+03 1.00E+03 

2.0E+07 1.09E+03 2.94E+03 4.13E+03 2.56E+03 1.94E+03 

2.0E+06 2.23E+03 5.95E+03 7.88E+03 5.27E+03 3.96E+03 

2.0E+05 4.83E+03 1.31E+04 1.57E+04 1.20E+04 8.75E+03 

2.0E+04 1.14E+04 3.20E+04 3.32E+04 3.10E+04 2.18E+04 

2.0E+03 3.07E+04 8.99E+04 7.68E+04 9.15E+04 6.27E+04 

2.0E+02 9.77E+04 2.81E+05 1.97E+05 2.94E+05 2.05E+05 

2.0E+01 3.51E+05 8.65E+05 5.32E+05 9.05E+05 6.80E+05 

2.0E+00 1.18E+06 2.20E+06 1.44E+06 2.27E+06 1.89E+06 

2.0E-01 2.80E+06 3.81E+06 2.82E+06 4.03E+06 3.58E+06 

2.0E-02 4.09E+06 4.66E+06 4.29E+06 5.11E+06 4.63E+06 

2.0E-03 4.59E+06 4.73E+06 4.84E+06 5.41E+06 4.97E+06 

2.0E-04 4.01E+06 4.02E+06 4.33E+06 4.83E+06 4.43E+06 

2.0E-05 3.01E+06 3.06E+06 3.29E+06 3.85E+06 3.51E+06 

2.0E-06 2.04E+06 2.16E+06 2.25E+06 2.85E+06 2.56E+06 

2.0E-07 1.31E+06 1.46E+06 1.44E+06 2.00E+06 1.78E+06 

2.0E-08 8.06E+05 9.54E+05 8.86E+05 1.36E+06 1.19E+06 

2.0E-09 4.87E+05 6.12E+05 5.33E+05 9.09E+05 7.84E+05 

2.0E-10 6.62E+05 9.45E+05 7.17E+05 1.51E+06 1.27E+06 

E 1.54E+04 1.78E+04 5.59E+04 8.94E+03 1.20E+04 
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Table 38. National project asphalt mixtures: relaxation modulus Prony representation fitting 

coefficients (b) 

 

ρi, s 
Ei, kPa 

ND 15/25 ND HM 1 ND HM 2 UFSC 50/70 UFSC RA 

2.0E+10 8.09E+02 2.06E+03 1.15E+03 4.91E+02 1.70E+03 

2.0E+09 6.72E+02 1.47E+03 8.22E+02 3.98E+02 1.21E+03 

2.0E+08 1.35E+03 2.76E+03 1.61E+03 7.35E+02 2.14E+03 

2.0E+07 3.00E+03 5.58E+03 3.45E+03 1.39E+03 3.87E+03 

2.0E+06 7.59E+03 1.24E+04 8.26E+03 2.75E+03 7.30E+03 

2.0E+05 2.25E+04 3.09E+04 2.20E+04 5.82E+03 1.47E+04 

2.0E+04 7.70E+04 8.47E+04 6.39E+04 1.37E+04 3.22E+04 

2.0E+03 2.79E+05 2.44E+05 1.89E+05 3.69E+04 7.83E+04 

2.0E+02 9.06E+05 6.66E+05 5.20E+05 1.17E+05 2.09E+05 

2.0E+01 2.22E+06 1.54E+06 1.22E+06 4.05E+05 5.70E+05 

2.0E+00 3.77E+06 2.81E+06 2.31E+06 1.33E+06 1.49E+06 

2.0E-01 4.48E+06 3.86E+06 3.40E+06 3.34E+06 2.87E+06 

2.0E-02 4.30E+06 4.20E+06 4.03E+06 5.50E+06 4.37E+06 

2.0E-03 3.49E+06 3.97E+06 4.23E+06 6.81E+06 5.18E+06 

2.0E-04 2.54E+06 3.34E+06 3.95E+06 6.52E+06 5.02E+06 

2.0E-05 1.73E+06 2.59E+06 3.40E+06 5.24E+06 4.19E+06 

2.0E-06 1.13E+06 1.90E+06 2.76E+06 3.76E+06 3.15E+06 

2.0E-07 7.17E+05 1.35E+06 2.14E+06 2.51E+06 2.22E+06 

2.0E-08 4.49E+05 9.32E+05 1.61E+06 1.60E+06 1.49E+06 

2.0E-09 2.78E+05 6.33E+05 1.19E+06 9.98E+05 9.77E+05 

2.0E-10 4.05E+05 1.11E+06 2.48E+06 1.43E+06 1.54E+06 

E 2.90E+03 5.97E+03 1.15E+03 1.11E+04 2.37E+04 

 

 

Table 39. National project asphalt mixtures: damage ratio exponents () 

 

Asphalt mixture ID  

UFSM 50/70 1 3.01 

UFSM 50/70 2 3.20 

UFRGS 60/85 2.60 

USP 30/45 3.13 

USP 50/70 3.08 

ND 15/25 2.91 

ND HM 1 3.27 
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Table 39 (Continued) 

 

Asphalt mixture ID  

ND HM 2 3.21 

UFSC 50/70 3.01 

UFSC RA 3.50 

 

 

Table 40 presents the averaged damage characteristic curves and the G
R
 failure 

envelope regression coefficients for the ten National project asphalt mixtures. Figure 154 

through Figure 157 show the averaged damage characteristic curves and the G
R
 failure 

envelopes of the asphalt mixtures. 

 

Table 40. National project asphalt mixtures: averaged damage characteristic curves and G
R
 

failure envelope regression coefficients 

 

Asphalt 

mixtures ID 

C vs. S G
R 

C10 C11 C12   

UFSM 50/70 1 1.0 0.001407 0.543 15151428 -1.409 

UFSM 50/70 2 1.0 0.0000037 1.050 34074335 -1.510 

UFRGS 60/85 1.0 0.004740 0.431 11476905 -1.293 

USP 30/45 1.0 0.000310 0.658 56654128 -1.503 

USP 50/70 1.0 0.000627 0.609 20154012 -1.433 

ND 15/25 1.0 0.000117 0.774 9770375 -1.445 

ND HM 1 1.0 0.000181 0.715 33080398 -1.571 

ND HM 2 1.0 0.000205 0.706 26171974 -1.496 

UFSC 50/70 1.0 0.000829 0.601 19603064 -1.489 

UFSC RA 1.0 0.001005 0.574 36384385 -1.462 
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Figure 154. National project asphalt mixtures: averaged damage characteristic curves, TR = 

20°C (a) 

 

  

 
Figure 155. National project asphalt mixtures: averaged damage characteristic curves, 

  TR = 20°C (b)  
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Figure 156. National project asphalt mixtures: G

R
 versus Nf failure envelopes, TR = 20°C (a) 

 

 
Figure 157. National project asphalt mixtures: G

R
 versus Nf failure envelopes, TR = 20°C (b)  

 

For pavement performance analysis purposes, an overall picture of the National 

project asphalt mixtures in terms of fatigue life is important. Therefore, test simulations were 
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run at only 20°C using the same conditions (10 Hz and β = -0.08) adopted in the 

implementation study. Figure 158 and Figure 159 show the fatigue envelopes obtained 

through the simulations.   

 
Figure 158. National project asphalt mixtures: fatigue life simulations at 20°C and 10 Hz (a) 

 

 
Figure 159. National project asphalt mixtures: fatigue life simulations at 20°C and 10 Hz (b) 
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  Some observations can be made from the results presented in Figure 158 and Figure 

159. The UFSM pavement site mixtures have fairly similar binders and aggregate, but 

present different LVE properties and fatigue life information. The UFSM 50/70 1 mixture 

has a gradation curve that requires a higher binder content for the same air void level, which 

improves its fatigue resistance and reduces the material stiffness. The UFRGS 60/85 mixture, 

as it contains SBS polymer-modified binder, shows very good fatigue resistance.    

Note that the USP pavement site mixtures exhibit similar controlled-strain fatigue 

performance. However, the USP 30/45 mixture presents higher stiffness values; therefore, it 

is expected that this material will perform better in a pavement.  

Figure 159 provides a comparison of the controlled-strain fatigue behavior of the 

Nova Dutra pavement site mixtures. The ND 15/15 mixture, which has very high stiffness 

values, exhibits the least resistance to fatigue cracking of all the mixtures. On the other hand, 

the ND HM 2 mixture, which is composed of a modified high modulus product and designed 

with high binder content, exhibits the best controlled-strain fatigue performance. Thus, 

increasing its binder content to improve fatigue cracking resistance was a successful choice, 

as the stiffness value of the ND HM 2 mixture did not change much. 

Regarding the UFSC pavement site materials, it is important to observe that the 

rubber asphalt improved the asphalt mixtures’ controlled-strain fatigue life. However, it 

should be pointed out that the UFSC RA mixture’s binder content is much higher than the 

binder content of the UFSC 50/70 mixture (5.4% and 4.2%, respectively). 

Similar to the Fundao project asphalt mixtures, the National MEPDG project 

materials also present a wide range of LVE properties and damage characteristics. Such 
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differences in the asphalt mixtures’ behavior are welcome in this study, as they challenge the 

validation of the LVECD program framework for pavement performance analysis all over 

Brazil. In other words, if the model that was previously calibrated for the Fundao project 

analysis is able to predict the National MEPDG test sections’ pavement performance, then 

the damage-to-cracked area transfer function proposed herein can be used for a wide range of 

asphalt materials, pavement structures, and traffic levels. 

5.3.2. National MEPDG Project Test Sections: Fatigue Damage Simulations 

The National project pavement simulations were conducted through the LVECD 

program in a similar manner as for the Fundao project test sections. The backcalculation 

approach was used to obtain the elastic modulus values of the pavement structural layers 

using the same protocols and assumptions adopted for the Fundao project analysis.  

Taking into account that hourly temperature data were unavailable for the National 

MPEGD project pavement sites, United States databases with similar weather histories (or as 

close as possible) in the EICM were used to define the hourly temperature variations within 

the asphalt layers. The same database was chosen for the pavement sites located in Rio 

Grande do Sul and Santa Catarina states because their climates are similar. The San Diego, 

CA climate database was used for these test sections, because its recorded temperature 

averages are close to those found at the National project pavement sites. For example, over 

the course of a year, San Diego’s temperature typically varies from 9°C to 25°C, and at the 

pavement sites in Brazil’s South region, the temperature varies from 9°C to 31°C. For the 

pavement sites located in São Paulo state, the Miami, FL climate database was used for the 
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pavement simulations, as its recorded temperature averages are close to those found in São 

Paulo. Over the course of a year, Miami’s temperature typically varies from 15°C to 32°C, 

and in São Paulo it varies from 13°C to 33°C. Other climatic factors are also relatively 

similar when these climate data are compared. Note that for the LVECD simulations, the San 

Diego and Miami temperature data were shifted six months in order to synchronize the data 

with the seasons in Brazil. 

The traffic loading input used for LVECD analysis of the National MEPDG project 

test sections is the number of ESALs obtained from the USACE equivalent factors, as 

adopted also for the Fundao project analysis and suggested by the Brazilian pavement design 

guide (DNIT 2006). Traffic speed also was considered, and no monthly adjustment factors 

were applied. The traffic hourly truck distributions used for analysis of the National project 

test sections are presented in Section 3.3.2.  

The simulation time used for the National MEPDG project test sections is 15 years, 

and the damage output analyses were conducted using the averaging approach described in 

Section 5.2.2. Figure 160 and Figure 161 present the averaged damage versus time curves, as 

simulated in the LVECD program for all the National MEPDG project test sections. Figure 

162 through Figure 178 present the asphalt layer damage contours at 12 and 36 months 

obtained from the simulations, and Figure 179 shows the damage color scale used in the 

contours.  
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Figure 160. National MEPDG project test sections: averaged damage versus time simulated 

using LVECD program (a)  

 

      
Figure 161. National MEPDG project test sections: averaged damage versus time simulated 

using LVECD program (b) 



 

246 

      
Figure 162. UFSM 1: damage contours at 12 and 36 months, N/Nf  

 

 

      
Figure 163. UFSM 3: damage contours at 12 and 36 months, N/Nf 
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Figure 164. UFRGS 2: damage contours at 12 and 36 months, N/Nf 

 

 

     
Figure 165. USP 4: damage contours at 12 and 36 months, N/Nf 
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Figure 166. USP 5: damage contours at 12 and 36 months, N/Nf 

 

 

    
Figure 167. UFSC 2: damage contours at 12 and 36 months, N/Nf 



 

249 

   
Figure 168. UFSC 3: damage contours at 12 and 36 months, N/Nf 

 

 

   
Figure 169. ND 1: damage contours at 12 and 36 months, N/Nf 



 

250 

  
Figure 170. ND 2: damage contours at 12 and 36 months, N/Nf 

 

 

  
Figure 171. ND 3: damage contours at 12 and 36 months, N/Nf 
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Figure 172. ND 4: damage contours at 12 and 36 months, N/Nf 

 

 

  
Figure 173. ND 5: damage contours at 12 and 36 months, N/Nf 
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Figure 174. ND 6: damage contours at 12 and 36 months, N/Nf 

 

 

 
Figure 175. ND 7: damage contours at 12 and 36 months, N/Nf 
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Figure 176. ND 8: damage contours at 12 and 36 months, N/Nf 

 

 

 
Figure 177. ND 9: damage contours at 12 and 36 months, N/Nf 
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Figure 178. ND 10: damage contours at 12 and 36 months, N/Nf 

 

 

 
Figure 179. Damage color scale   

 

As can be observed in Figure 168 and Figure 176, the UFSC 3 and ND 8 test sections 

had overlays with two different asphalt layers each. Also, it can be noted that in both cases 

the bottom layers presented high damage levels in the simulations. Taking this observation 

into account, the calculation of the averaged damage versus time curves for these test 

sections considers the averaged damage within the two asphalt layers. That is, the averaged 

damage was obtained for each asphalt layer separately using the grid of 110 points (Figure 
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111), and then a weighted average (based on layer thicknesses) was calculated using these 

values.  

In Figure 160 and Figure 161, the averaged damage versus time curves show a wide 

range of pavement behavior in terms of simulated damage. Note that the USP 4 and USP 5 

test sections, even having only four-centimeter thick asphalt layers, present low damage 

levels throughout the simulation time. This behavior can be explained by the low traffic level 

combined with strong pavement structures, as the base layers are composed of local soil-

aggregate mixtures that are known to be good materials for pavement construction.  

On the other hand, the UFSC 2 test section shows poor performance with regard to 

fatigue damage, even with its 15-centimeter thick asphalt layer. However, it should be 

pointed out that this test section was subjected to very heavy traffic loading and the pavement 

structure (typical granular base) is relatively weak for such a traffic level. Note that the 

UFSC 3 test section is fairly similar to the UFSC 2 test section, but it has an asphalt rubber 

bottom layer, which leads to its slightly better fatigue performance, although it looks 

insufficient, as the asphalt layers also show high fatigue damage levels in the simulations 

(Figure 168). 

Figure 161 presents the damage evolutions for all the Nova Dutra test sections 

(subjected to heavy traffic loading). The ND 8, ND 9, and ND 10 test sections clearly exhibit 

the best performance compared to the other Nova Dutra test sections. This observation is 

supported mainly by the best fatigue resistance presented by the asphalt mixture applied to 

these test sections (ND HM 2 mixture, Figure 159). 
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A comparison of the damage contours presented in Figure 162 through Figure 178 

with the averaged damage versus time curves (Figure 160 and Figure 161) indicates that the 

averaged damage evolutions are in agreement with the damage contours. Thus, the averaged 

damage approach should adequately represent the LVECD program damage outputs for the 

National MEPDG project test sections, which is similar to the observations made from the 

Fundao project analysis. 

5.3.3. Validating the Damage-to-Cracked Area Transfer Functions 

The averaged reduced damage-to-cracked area transfer functions presented in Section 

5.2.3 are used in this section for the fatigue performance predictions for the National 

MEPDG project test sections (Table 35). The predicted cracked areas are compared to the 

observed distresses in order to validate the damage shift approach developed from the 

Fundao project database for modeling fatigue cracking in the National pavement site test 

sections.   

Figure 180 and Figure 181 present the correlations between the observed cracked 

areas and averaged reduced damage, based on 
35.0TS  and 

112RS , respectively, for the National 

project test sections. Note that the respective transfer functions are also shown in the plots. 
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Figure 180. National MEPDG project test sections: cracked area versus averaged reduced 

damage based on 
35.0TS   

 

 
Figure 181. National MEPDG project test sections: cracked area versus averaged reduced 

damage based on 
112RS   
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Figure 180 and Figure 181 indicate that the transfer function that is based on 
35.0TS  

presents a better correlation with the cracked area than the 
112RS  approach. In both figures, 

the field data mostly fit the transfer functions, although a few points seem to be slightly off 

from the trends. Note that the UFSM 1 test section has only one outlier, as its other points 

follow the trends; and the ND 4 and ND 7 test section points are the only ones from the Nova 

Dutra pavement sites that are relatively outside the trends, mainly when the 
112RS  approach is 

used. These outliers are probably related to pavement field problems. Nonetheless, by 

analyzing the Fundao project transfer function fittings, it can be observed that about the same 

amount of scatter was obtained as for the National test sections. Figure 182 presents the 

observed cracked area versus averaged reduced damage (based on 
35.0TS ) of the Fundao and 

National projects test sections in the same plot, where it is observed that the data follow the 

same trend and have about the same amount of scatter. 

Figure 183 and Figure 184 present comparisons of the observed and predicted cracked 

areas obtained from damage shifting based on 
35.0TS  and 

112RS , respectively. The damage 

shift that is based on 
35.0TS  provides a slightly better correlation than the 

112RS  approach 

when the observed and predicted cracked areas are compared, which was expected based on 

the results aforementioned. In both cases, the observed and predicted cracked areas present 

good agreement, especially when the transfer function based on 
35.0TS  is used. 
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Figure 182. Fundao and National MEPDG test sections: cracked area versus averaged 

reduced damage based on 
35.0TS    

    

 
Figure 183. National MEPDG project test sections: comparison of observed versus predicted 

cracked areas based on 
35.0TS   
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Figure 184. National MEPDG project test sections: comparison of observed versus predicted 

cracked areas based on 
112RS    

 

Figure 185 and Figure 186 present the observed versus predicted cracked areas for the 

Fundao and National test sections in the same plots, using 
35.0TS  and 

112RS , respectively. It 

can be concluded that the averaged reduced damage-to-cracked area transfer functions 

developed from the Fundao project database can be applied to National pavement analysis, as 

in both approaches (
35.0TS  and 

112RS ) the data from the Fundao and National MEPDG 

projects follow the same trends. However, the prediction capability based on 
35.0TS  shifting is 

slightly better than that based on 
112RS shifting. 
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Figure 185. Fundao and National MEPDG test sections: comparison of observed versus 

predicted cracked areas based on 
35.0TS   

  

 
Figure 186. Fundao and National MEPDG test sections: comparison of observed versus 

predicted cracked areas based on 
112RS   

 

 

R2 = 0.72 

R2 = 0.69 
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Because the shift approach based on 
35.0TS  shows a slightly better prediction 

capability than that based on 
112RS , from this point on all the analysis results presented are 

based on
35.0TS . The observed and predicted cracked areas determined from the last field 

survey are presented in Table 41, and Figure 187 compares these data. By analyzing the data 

presented in Table 41 and Figure 187, it can be seen that the predictions made using the 

LVECD program with the transfer function proposed herein are in very good agreement with 

the observed field performance. 

 

Table 41. National MEPDG project test sections: observed and predicted cracked areas 

determined from last field survey   

 

Test section ID 

Number of ESALs at 

last field survey  

Nobserved 

Cracked area at last survey, % 

Observed Predicted (
35.0TS ) 

UFSM 1 9.48E+05 32.9 23.2 

UFSM 3 1.46E+06 0 0 

UFRGS 2 2.42E+07 0 0 

USP 4 7.30E+05 0 0 

USP 5 7.30E+05 0 0 

ND 1 7.00E+06 9 10 

ND 2 7.00E+06 3 0.4 

ND 3 7.00E+06 4.8 2.9 

ND 4 7.00E+06 12.5 0.5 

ND 5 7.00E+06 19 7.1 

ND 6 7.00E+06 5.9 7.1 

ND 7 7.00E+06 10 44.3 

ND 8 7.00E+06 0 0.4 

ND 9 7.00E+06 0 0 

ND 10 7.00E+06 0 0.2 

UFSC 2 1.33E+07 20 14.8 

UFSC 3 1.33E+07 0 0.5 
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Figure 187. National MEPDG project test sections: comparison between observed and 

predicted cracked areas (
35.0TS ) determined from last field survey  

 

As a practical overview, the National MEPDG project pavements shown in Table 41 

can be classified into two groups: (i) low damaged or non-cracked pavements (cracked area < 

5.0%) and (ii) medium to high damaged pavements (cracked area 5.0%). These 

classifications are supported by the Fundao project pavement analysis shown in Figure 144 

through Figure 147, where it can be observed that once fatigue cracking begins, it grows 

rapidly. Therefore, large differences between the observed and predicted cracked areas are 

not necessarily associated with large differences regarding time or traffic level predictions. 

Figure 188 presents a comparison between the number of ESALs from the last field survey 

(Nobserved) and the number of ESALs obtained through the LVECD program simulations 

(Npredicted) for the respective cracked areas (those measured in the last field survey), where the 

previous observation can be confirmed.  

Field problem 
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Figure 188. National MEPDG project test sections: comparison between Nobserved and Npredicted 

(
35.0TS ) only for test sections with observed fatigue cracking, in log scale  

 

 

Table 42 presents a comparison of the observed and predicted pavement damage 

classifications for the National MEPDG test sections, where it is noted that only for test 

section ND 4 does the prediction not match the observed performance. In this case, it should 

be considered that all the other Nova Dutra test sections present good predictions, so it is 

likely that this error is associated with unexpected field problems in the pavement (may be 

reflective cracking). It is important to observe also that the ND 8, ND 9, and ND 10 test 

sections do not present any cracked areas in the pavement simulations and about the same 

performance was observed in the field during the last pavement survey. In these cases, the 

test sections had an overlay that contained the ND HM 2 mixture that was designed with a 

high binder content, which provides better fatigue performance when compared to the other 

mixtures applied at the Nova Dutra pavement sites (Figure 159). That is, both S-VECD 
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model characterization and the pavement simulation approaches could realistically capture 

such small changes in the asphalt mixture formulation. 

 

Table 42. Observed and predicted pavement damage classifications determined from last 

field survey: National MEPDG project test sections 

 

Test sections ID 
Pavement damage classification 

Observed Predicted (
35.0TS ) 

UFSM 1 Medium to high Medium to high 

UFSM 3 Low Low 

UFRGS 2 Low Low 

USP 4 Low Low 

USP 5 Low Low 

ND 1 Medium to high Medium to high 

ND 2 Low Low 

ND 3 Low Low 

ND 4 Medium to high Low 

ND 5 Medium to high Medium to high 

ND 6 Medium to high Medium to high 

ND 7 Medium to high Medium to high 

ND 8 Low Low 

ND 9 Low Low 

ND 10 Low Low 

UFSC 2 Medium to high Medium to high 

UFSC 3 Low Low 

 

  

The UFRGS 2 test section was subjected to heavy traffic loading and its asphalt layer 

is only eight-centimeters thick. However, the combination of its pavement structure with its 

superior asphalt mixture fatigue life (Figure 158) resulted in very good field performance 

regarding fatigue cracking, which was accurately predicted using the framework herein 
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proposed. On the other hand, the UFSM 1 test section was subjected to light to medium 

traffic loading and, even so, high fatigue cracking was observed in the field. This pavement 

has a poor structure (high deflections), and the asphalt mixture exhibited medium to poor 

fatigue performance. So, again, the LVECD simulations predicted the field fatigue distresses 

properly. 

The main difference between the UFSC 2 and UFSC 3 test sections is the asphalt 

layer. In UFSC 2, the asphalt layer is 15-cm thick and composed of only the UFSC 50/70 

mixture. In UFSC 3, the asphalt layer is 17-cm thick and is composed of two different asphalt 

mixtures: UFSC 50/70 in the top layer (11.4 cm) and UFSC RA in the bottom layer (5.6 cm). 

Note that in both cases the LVECD program’s fatigue cracking predictions are in very good 

agreement with the field-observed performance. However, it should be pointed out that the 

UFSC 3 test section is likely to crack soon, as can be observed in Figure 160 and Figure 168.  

Finally, it is important to mention that the National MEPDG project test sections 

contain very different asphalt mixtures, which were produced with different aggregate 

sources, gradations, and asphalt binders. In addition, these pavement test sections have a 

wide range of traffic load levels, asphalt layer thicknesses, structural responses, and other 

variables. Even with such a challenging scenario for pavement fatigue performance 

predictions, the damage shift approach proposed herein demonstrates a good prediction 

capability and can be used for nation-wide asphalt pavement fatigue performance predictions. 
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5.4. FATIGUE CRACKING PREDICTION RELIABILITY 

In order to implement the LVECD program and the averaged reduced damage-to-

cracked area transfer function framework for flexible pavement design, the model’s 

prediction errors should be defined so that reliability-based solutions can be applied to the 

pavement analysis. The prediction error determination and reliability approaches used herein 

are based on the procedure adopted from the AASHTO MEPDG (NCHRP 2004). Equation 

(93) presents the fatigue cracked area predicted at the desired level of reliability: 

 

(93) 

 

where 

.ReliabCA  = predicted cracked area at reliability level P, %, 

edictedCAPr
  = predicted cracked area based on mean inputs, %, 









Sred

fN
N

Se  = standard error of the mean obtained from final field calibration, %, 

Zp  = standard normal deviation, dependent upon desired reliability level. 

 

Figure 189 shows the error (cracked area predicted, cracked area measured) in the 

fatigue cracking predictions as a function of averaged reduced damage. Note that the 

prediction errors considered in Figure 189 are based on the 
35.0TS  damage shift analysis and 

that data for all 44 test sections (Fundao and National MEPDG projects) are included. Figure 

189 shows that the prediction error increases as the averaged reduced damage increases, 

p
Sred

fN
N

edictedliab ZSeCACA 







Pr.Re
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similar to that observed in the AASHTO MEPDG (NCHRP 2004) analysis. Based on this 

observation, the standard error of the mean (








Sred

fN
N

Se ) was calculated for different 

averaged reduced damage intervals; thus, a standard error of the mean function was obtained. 

 

 
Figure 189. Prediction error versus average reduced damage (

35.0TS ): all test sections 

  

Table 43 summarizes the averaged reduced damage intervals and the measured 

standard errors of the mean. Equation (94) presents the 








Sred

fN
N

Se  sigmoidal function fitted 

to the data, and Figure 190 shows the standard error of the mean function versus reduced 

damage.  
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Table 43. Prediction error statistical parameters: all test sections 

 

Average 

reduced 

damage interval 

Average of 

average reduced 

damage 

Number of 

samples 
Error mean, % 

Standard error of 

the mean- Se, %  

< 0.3 0.14 63 -0.17 0.08 

0.3 < 0.4 0.34 28 -0.37 0.64 

0.4 < 0.5 0.45 37 0.41 1.70 

0.5 < 0.55 0.52 26 -0.22 4.59 

 0.55 0.57 19 1.22 5.38 

All - 173 0.07 0.97 

 

 

(94) 

 

 

where 









Sred

fN
N

Se  = standard error of the mean obtained from final field calibration, %, 

S
f

red
N

N  = averaged reduced damage based on 
35.0TS , 

a, b, c, and d = fitting coefficients where: 

  a = 0.1557 

  b = 5.7948 

  c = 51.4881 

  d = 30.6332 



































Sred
fN

NdcSred
fN

N

e

b
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Figure 190. Standard error of the mean versus averaged reduced damage (

35.0TS ): all test 

sections 

 

The range of the cracked area observed in the Fundao and National projects is 100 

percent (based on 44 Brazilian pavement sections). Table 43 shows that the prediction error 

mean for all the Brazilian test sections is about zero (0.07 percent) with a standard error of 

the mean of 0.97 percent. According to NCHRP Report 457 (Pierce and McGovern 2014), 

the AASHTO MEPDG United States national calibration standard error of the mean is 5.01 

percent for a range of cracked area of 65 percent (based on 117 U.S. pavement sections). 

That is, the prediction error in the analysis framework proposed herein for Brazilian 

pavements is about five times smaller than the error obtained through the AASHTO MEPDG 

in the national calibration for United States pavements. 

However, as presented in Figure 190, the standard error of the mean increases as the 

damage level increases, and the same trend is observed for the AASHTO MEPDG (NCHRP 
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2004) United States national calibration. For cracked area levels between 20 percent and 40 

percent (which meet typical pavement fatigue cracking failure criteria), the standard errors 

for the LVECD program (Brazilian pavement sections) and the AASHTO MEPDG (U.S. 

pavement sections) approaches are in the ranges of 4 percent to 5 percent and 11 percent to 

12 percent, respectively. 

5.5. PROPOSED LVECD MODEL PROTOCOL APPLICATION FOR 

ASPHALT PAVEMENT DESIGN IN BRAZIL 

In this section, the proposed framework that is based on the LVECD program, 

averaged reduced damage-to-cracked area transfer function, and fatigue cracking prediction 

reliability is applied to asphalt pavement design in Brazil, focusing on fatigue cracking 

prevention. For this purpose, a typical pavement structure in Rio de Janeiro, RJ was chosen, 

as shown in Figure 191. It is assumed to have a yearly traffic of  growth rate of 3.0 percent, 

the same traffic hourly distribution observed at the Fundao project pavement sites (Figure 

52), and three traffic levels (number of ESALs): 5.0E+06, 1.5E+07, and 2.5E+07. 

 

 
Figure 191. Pavement structure used for design analysis 
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 The main goal of the pavement design presented herein is to determine the asphalt 

layer thickness for the different traffic inputs considering two reliability levels (50% and 

99%) and two failure criteria (20% and 40% cracked area). Two asphalt mixtures were 

considered for the analysis: UFSM 50/70 2 and USP 50/70. 

The first analysis step was to run the LVECD program simulations using different 

asphalt layers thicknesses (5 cm, 7.5 cm, 12.5 cm, 16 cm, and 20 cm). From the LVECD 

program simulation results, the transfer function (based on 
35.0TS ) was applied in order to 

obtain the predicted cracked area versus number of ESALs for each asphalt layer thickness 

(corresponding to 50% reliability). From these curves, and using Equations (93) and (94), 99 

percent reliability was obtained for the cracked area (Zp = 2.33) versus number of ESALs 

curves. Figure 192 through Figure 195 present these curves for the UFSM 50/70 1 and USP 

50/70 asphalt mixtures.  

 
Figure 192. Predicted cracked area versus number of ESALs at 50% reliability: UFSM 50/70 

2 
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Figure 193. Predicted cracked area versus number of ESALs at 99% reliability: UFSM 50/70 

2 

 

  
Figure 194. Predicted cracked area versus number of ESALs at 50% reliability: USP 50/70 
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Figure 195. Predicted cracked area versus number of ESALs at 99% reliability: USP 50/70 

 

From the curves presented in Figure 192 through Figure 195, the number of ESALs 

for 20 percent and 40 percent cracked area for each asphalt mixture at both reliability levels 

was determined. In this way, for each asphalt mixture, reliability level, and failure criterion, 

the relationship between the number of ESALs and asphalt layer thickness could be defined, 

as shown in Table 44 and compared in Figure 196 through Figure 199. Note that the 99 

percent reliability-based analyses are always associated with lower traffic levels when 

compared to the 50 percent reliability predictions, as expected.  
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Table 44. Predicted number of ESALs for 20% and 40% cracked areas for the different 

asphalt mixtures, reliability levels, and asphalt layer thicknesses  

 

Asphalt mixture 
Asphalt layer 

thickness, cm 

Predicted number of ESALs 

50% reliability 99% reliability 

CA = 20% CA = 40% CA = 20% CA = 40% 

UFSM 50/70 2 

5.0 1.11E+06 2.95E+06 8.41E+05 1.56E+06 

7.5 2.91E+06 6.11E+06 2.16E+06 4.29E+06 

12.5 1.20E+07 1.78E+07 1.05E+07 1.51E+07 

16.0 2.29E+07 2.87E+07 2.06E+07 2.65E+07 

20.0 3.10E+07 3.96E+07 2.77E+07 3.54E+07 

USP 50/70 

5.0 2.90E+06 1.08E+07 1.63E+06 5.25E+06 

7.5 8.53E+06 1.61E+07 6.05E+06 1.23E+07 

12.5 2.52E+07 3.24E+07 2.19E+07 2.89E+07 

16.0 3.32E+07 4.17E+07 2.90E+07 3.84E+07 

20.0 NC NC NC NC 

NC – pavement did not achieve 20% cracked area throughout the simulation period 

CA – cracked area 

 

 
Figure 196. Number of ESALs versus asphalt layer thickness for 20% cracked area: UFSM 

50/70 2 
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Figure 197. Number of ESALs versus asphalt layer thickness for 40% cracked area: UFSM 

50/70 2 

 

 
Figure 198. Number of ESALs versus asphalt layer thickness for 20% cracked area: USP 

50/70 
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Figure 199. Number of ESALs versus asphalt layer thickness for 40% cracked area: USP 

50/70 

 

The last step of the proposed pavement design framework was to define the asphalt 

layer thicknesses at the different traffic levels and conditions (asphalt mixture, reliability 

level, and failure criterion) from Figure 196 to Figure 199. Table 45 presents the final results, 

and Figure 200 and Figure 201 present comparisons of these results. Note that a minimum 

asphalt layer thickness design of five centimeters was assumed, as recommended by DNIT 

(2006). 
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Table 45. Designed asphalt layer thicknesses: final results  

 

Asphalt mixture 

Designed 

number of 

ESALs 

Asphalt layer thicknesses, cm 

50% reliability 99% reliability 

CA = 20% CA = 40% CA = 20% CA = 40% 

UFSM 50/70 2 

5.00E+06 8.7 6.6 9.2 7.8 

1.50E+07 13.5 11.0 14.1 12.5 

2.50E+07 17.0 14.8 18.5 15.5 

USP 50/70 

5.00E+06 5.9 5.0 6.9 5.0 

1.50E+07 9.4 7.0 10.3 8.3 

2.50E+07 12.4 10.2 14.0 11.3 

CA – cracked area 

 

 
Figure 200. Designed asphalt layer thicknesses: UFSM 50/70 2  
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Figure 201. Designed asphalt layer thicknesses: USP 50/70 

 

Analyzing the results presented in Table 45, it can be seen that the traffic level has an 

important effect on the designed asphalt layer thickness. For all the conditions, the designed 

layer thickness increased by about twice when the traffic load was raised from the lowest to 

the highest level. 

Regarding the effect of reliability on the designed asphalt layer thickness, it was 

observed that the 99 percent reliability level provided design thicknesses that were about 11 

percent thicker than those obtained when using the 50 percent reliability level; and the 

reliability effect was slightly stronger when 40 percent cracked area was used as the 

pavement failure criterion. 

    Comparing the thicknesses obtained for both asphalt mixtures, it is possible to 

conclude that the USP 50/70 mixture exhibited better performance for all the conditions 

when compared to the UFSM 50/70 2 mixture. For example, at 99 percent reliability level, 20 
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percent cracked area, and the heaviest traffic loading, its designed asphalt layer thickness is 

14.0 cm compared to 18.5 cm obtained for the UFSM 50/70 2 mixture (the former is about 

25% thinner).  

Note that both asphalt mixtures were designed with neat binder AC 50/70 (PG 64-22) 

obtained from different refineries. Moreover, their gradations are not the same, as the USP 

50/70 and UFSM 50/70 2 mixtures have NMAS of 12.5 mm and 19.1 mm, respectively 

(Table 19). Although both mixtures present similar stiffness values and controlled-strain 

fatigue life at 20ºC (Figure 148 and Figure 158), it is important to note that at higher 

temperatures, the USP 50/70 mixture exhibited a longer fatigue life, as shown in Figure 202, 

which explains its thinner asphalt layers that were obtained using the proposed asphalt 

pavement design framework.  

 

 
Figure 202. UFSM 50/70 2 and USP 50/70 asphalt mixtures: fatigue life simulations at 20° 

and 25ºC, 10 Hz, and controlled-strain  
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1. CONCLUSIONS 

This research is divided into three main steps: (i) implementation of the simplified 

viscoelastic continuum damage (S-VECD) model in Brazil (Petrobras) for asphalt mixture 

characterization, (ii) validation of the LVECD model approach for pavement analysis based 

on field performance observations, and defining a local simulated damage-to-cracked area 

transfer function for the Fundao Project Pavement’s test sections in Rio de Janeiro, RJ, and 

(iii) validation of the Fundao project local transfer function to be used throughout Brazil for 

asphalt pavement fatigue cracking predictions, based on field performance observations of 

the National MEPDG Project’s pavement test sections, thereby validating the proposed 

framework’s prediction capability. 

The following key findings are based on the results of the first part of this research 

study: 

 The specimen fabrication protocol used herein for the dynamic modulus and uniaxial 

fatigue tests is appropriate and reduces the total time needed for mixture 

characterization. Moreover, the typical process for specimen fabrication proposed by 

other researchers involves about 60 kg of asphalt mixture (for seven specimens: three 

for dynamic modulus tests and four for fatigue tests), whereas the protocol that has 

been successfully adopted for this study uses only 30 kg. 

 The S-VECD characterization of the Brazilian asphalt mixtures using COS mode-of-

loading can be performed at 20°C, because this mode-of-loading reduces the 
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viscoplastic effects during uniaxial fatigue testing. Other test temperatures were not 

excluded in this study; however, only the temperature of 20°C was checked for all the 

mixtures. 

 The S-VECD model coupled with the G
R
 failure criterion can be used for the accurate 

fatigue life predictions of Brazilian asphalt mixtures, even when very different asphalt 

binders (unmodified, polymer-modified, crumb rubber-modified, acid-modified, etc.) 

are analyzed. From tests at a single temperature, it is possible to predict the asphalt 

mixture’s fatigue behavior at other temperatures accurately. 

 The asphalt binder LAS test results, modeled according to VECD theory, present very 

good correlations with the asphalt mixture fatigue performance, although the 

literature mentions some shortcomings regarding the VECD modeling of LAS test 

data. 

 The fatigue area factor (FAF) approach proposed in this study is useful for simplified 

material-level classification of asphalt mixtures and binders. 

 Typically, an asphalt mixture’s fatigue life at 10 Hz increases as the temperature 

increases in the range of 15°C to 25°C. However, some mixtures do not follow this 

general rule (15/25 mixture, for example). In addition, each asphalt mixture has a 

critical temperature where its fatigue life increases as the temperature decreases. 

Usually, this critical temperature is below 10°C for tests at 10 Hz. 
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The following key findings are based on the results of the second and third parts of 

this research study: 

 The LVECD program simulations (damage contours) of the Fundao and National 

MEPDG pavements suggest that bi-directional damage (bottom-up and top-down 

damage) within an asphalt layer should be considered for asphalt pavement fatigue 

cracking predictions, even for thin asphalt layers. 

 The averaged damage (N/Nf) proposed, which is obtained from a grid of 110 points, is 

an appropriate approach for asphalt layer damage quantification through the LVECD 

program simulations, as opposed to typical approaches that use only the damage at 

the bottom of the asphalt layer. 

 The LVECD program averaged damage (simulated) for field fatigue cracking 

initiation depends on the rate of the averaged damage growth: the faster the averaged 

damage growth, the higher the averaged damage for pavement fatigue cracking 

initiation. Thus, the averaged damage-to-cracked area transfer function does not have 

a unique relationship for different pavements; thus, it cannot be used accurately for 

pavement fatigue cracking prediction. 

 The averaged damage growth rate indices, T0.35 and R12-1 (Figure 121), are strongly 

correlated with the averaged damage level when the field fatigue cracking starts. 

These indices can be used along with damage shift functions in order to obtain a 

unique relationship between shifted damage (reduced damage) and the field-observed 

cracked area. 
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 Additive (Δ) and multiplicative (S) damage shift factors, Equations (87) and (88), 

respectively, can be used for damage shifting. However, the multiplicative shift factor 

correlates better with both the T0.35 and R12-1 indices, and therefore, it was selected for 

composing the shift factor functions proposed herein, i.e., Equations (89) and (90).     

 Considering that the cracked area is a field determination, which naturally presents 

high variability, it can be concluded that the field cracked area and the averaged 

reduced damage have a unique relationship for all the Fundao and National MEPDG 

test sections. 

 From this observation and based on the analyses results, a power form function was 

chosen for representing the averaged reduced damage-to-cracked area transfer 

functions, as presented in Equation (92). 

 The final fitting coefficients for the averaged reduced damage-to-cracked area transfer 

functions are presented in Table 35. The multiplicative shift factor functions can be 

based on either T0.35 or R12-1. However, the prediction capability based on the 
35.0TS  

index is slightly better than that based on the 
112RS  index, especially when all the 

Fundao and National MEPDG pavement sections are considered. 

 The proposed averaged reduced damage-to-cracked area transfer functions were 

validated for both the asphalt pavement rehabilitation (asphalt overlay) and new 

asphalt pavement projects. However, it should be pointed out that the proposed 

framework does not address or include reflective cracking. 
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 The Fundao and National MEPDG project test sections contain very different asphalt 

mixtures that have been produced using many aggregates sources, gradations, and 

asphalt binders. In addition, the pavement test sections have a wide range of traffic 

loading levels, asphalt layer thicknesses, structural responses, and other variables. 

Even with such a challenging scenario for pavement fatigue performance predictions, 

the LVECD program framework proposed herein exhibits a good prediction 

capability and can be used for nation-wide asphalt pavement fatigue performance 

predictions in Brazil.  

 The range of the cracked area observed in the Fundao and National projects is 100 

percent (based on 44 Brazilian pavement sections). The prediction error mean for all 

the Brazilian test sections is about zero (0.07 percent) with a standard error of the 

mean of 0.97 percent.  

 The prediction standard error increases as the damage increases, and the same trend 

was observed for the AASTHO MEPDG (NCHRP 2004) in the United States national 

calibration. For cracked area levels between 20 percent and 40 percent (which meet 

typical pavement fatigue cracking failure criteria), the standard errors for the LVECD 

program (Brazilian pavement sections) and the AASHTO MEPDG (U.S. pavement 

sections) approaches are in the ranges of 4 percent to 5 percent and 11 percent to 12 

percent, respectively. 
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6.2. RECOMMENDATIONS FOR FUTURE WORK 

The following topics are suggested for future work: 

 Develop fatigue performance simplified classifications for asphalt binders and asphalt 

mixtures that are based on the LAS and S-VECD test protocols, respectively.  

 Continue the condition surveys of the Fundao and National MEPDG test sections in 

order to assess their performance over the next several years, especially those 

pavements that presented few cracked areas or that were not cracked in the last field 

survey. 

 Include new National MEPDG project test sections in the calibration as their material 

test results and field performance data become available. 

 Introduce into the LVECD program the traffic load spectra inputs for damage analysis 

instead of using only the number of ESALs as traffic input, and check the benefits of 

these inputs for pavement fatigue cracking prediction capability. 

As new models, derived from the many ongoing research studies to develop 

mechanistic-based aging models, become available and reliable, include them into the 

analyses for material characterization and pavement performance simulations in the 

LVECD program.  
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