
 

ABSTRACT 
 

UNDERWOOD, BENJAMIN SHANE.  Multiscale Constitutive Modeling of Asphalt 

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

 

 Multiscale modeling of asphalt concrete has become a popular technique for gaining 

improved insight into the physical mechanisms that affect the materialôs behavior and 

ultimately its performance. This type of modeling considers asphalt concrete, not as a 

homogeneous mass, but rather as an assemblage of materials at different characteristic length 

scales. For proper modeling these characteristic scales should be functionally definable and 

should have known properties. Thus far, research in this area has not focused significant 

attention on functionally defining what the characteristic scales within asphalt concrete 

should be. Instead, many have made assumptions on the characteristic scales and even the 

characteristic behaviors of these scales with little to no support. This research addresses these 

shortcomings by directly evaluating the microstructure of the material and uses these results 

to create materials of different characteristic length scales as they exist within the asphalt 

concrete mixture. The objectives of this work are to; 1) develop mechanistic models for the 

linear viscoelastic (LVE) and damage behaviors in asphalt concrete at different length scales 

and 2) develop a mechanistic, mechanistic/empirical, or phenomenological formulation to 

link the different length scales into a model capable of predicting the effects of 

microstructural changes on the linear viscoelastic behaviors of asphalt concrete mixture, e.g., 

a microstructure association model for asphalt concrete mixture.  

Through the microstructural study it is found that asphalt concrete mixture can be 

considered as a build-up of three different phases; asphalt mastic, fine aggregate matrix 

(FAM), and finally the coarse aggregate particles. The asphalt mastic is found to exist as a 

homogenous material throughout the mixture and FAM, and the filler content within this 

material is consistent with the volumetric averaged concentration, which can be calculated 

from the job mix formula. It is also found that the maximum aggregate size of the FAM is 



 

mixture dependent, but consistent with a gradation parameter from the Baily Method of 

mixture design.  

Mechanistic modeling of these different length scales reveals that although many 

consider asphalt concrete to be a LVE material, it is in fact only quasi-LVE because it shows 

some tendencies that are inconsistent with LVE theory. Asphalt FAM and asphalt mastic 

show similar nonlinear tendencies although the exact magnitude of the effect differs. These 

tendencies can be ignored for damage modeling in the mixture and FAM scales as long as the 

effects are consistently ignored, but it is found that they must be accounted for in mastic and 

binder damage modeling. The viscoelastic continuum damage (VECD) model is used for 

damage modeling in this research. To aid in characterization and application of the VECD 

model for cyclic testing, a simplified version (S-VECD) is rigorously derived and verified. 

Through the modeling efforts at each scale, various factors affecting the fundamental and 

engineering properties at each scale are observed and documented. A microstructure 

association model that accounts for particle interaction through physico-chemical processes 

and the effects of aggregate structuralization is developed to links the moduli at each scale. 

This model is shown to be capable of upscaling the mixture modulus from either the 

experimentally determined mastic modulus or FAM modulus. Finally, an initial attempt at 

upscaling the damage and nonlinearity phenomenon is shown. 
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Chapter 1 

Introduction 

1.1 General Statement 

Pavements topped with asphalt concrete makeup approximately 90% of the paved 

roads in the United States and more than 99% of paved roads worldwide (USDOT 2010). 

Asphalt concrete is the paving material of choice due to its availability, lower initial cost 

when compared to alternatives, its ability to be used with equal success at both low volume 

and high volume conditions, and its constructability. These roadways are under ever 

increasing demands to carry traffic of heavier loads and volumes. A recent report from the 

Federal Highway Administration indicates that between 1991 and 2008 truck volumes 

increased more than 33% on American highways (total traffic volume increased by almost 

30%). Over the same period of time, U.S. highway capacity increased by only 5%. Worse 

still, traffic over the next 20 years is projected to grow an additional 50% while capacity is 

expected to continue growing at a much slower rate than volume (USDOT 2010). Other 

concerns exist with regards to the supply of raw materials needed for asphalt concrete 

production. Between 1974 and 2009 U.S. petroleum refining capacity increased 12% whilst 

the national demand for gasoline increased by 62%. As a result of these market conditions, 

petroleum refiners are under increased pressure to maximize light distillate output, which can 

cause changes to the properties of the asphalt residue and/or reduce the amount of asphalt 

produced (EIA 2009). In addition, new sources of petroleum such as bituminous sands and 
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shale oil are beginning to appear on the world market and the properties of the asphalt 

derived from these sources are by and large unknown. In light of these expected trends, a 

significant amount of interest exists in improving upon current asphalt concrete pavement 

technologies (both material and structural).  

The pursuit of this objective must be qualified with modern concerns over 

environmental impact and future sustainability. Pavements are part of two major sectors of 

U.S. energy consumption; transportation and industry, which together constitute 60% of the 

total energy consumed in the U.S. (EIA 2009). Although the market has constricted 

somewhat due to the recent economic climate, the industry has consistently produced more 

than 500 million tons of asphalt concrete annually for the past 25 years (Hansen 2009). 

Industrial production of asphalt concrete pavements has heretofore consisted of energy 

intensive processes; the fractional distillation of asphalt cement from petroleum and the 

mixing, storage, transport, and placement of asphalt concrete all consume valuable resources. 

Under continuing pressure to improve this situation, multiple new technologies have been 

introduced to the market, including mixtures with large amounts (40% or more by mass) of 

recycled or reclaimed asphalt concrete and so-called warm mix technologies. Warm mix 

asphalt concrete is fabricated at lower temperatures than standard hot mix asphalt concrete, 

which in theory reduces energy consumption and environmental emissions. Other 

technologies have also been introduced to mitigate these effects by leveraging the properties 

of asphalt concrete for energy collection. 

The emergence of these and similar technologies are of great practical interest and 

also have national and international implications. Due to the magnitude of the asphalt 

concrete pavement network and its influence in the daily lives of every citizen, a minor 

improvement in this technology can have a real and substantial effect. It is important that 

these new technologies be properly assessed to ensure that they are actually resulting in real 

improvements in sustainability and environmental stewardship. For example, if the initial 

savings in energy and reduced environmental impacts are offset and/or overcome by losses 

due to poor performance, then the material can hardly be called sustainable or 
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environmentally friendly. To make such an assessment requires tools that are capable of 

accurately predicting the life of a material when it is subjected to real world conditions.   

Historically, asphalt concrete materials have been modeled with empirical methods 

that give little insight into the active physical processes. These models have proven useful for 

such tasks as pavement design, which is often performed prior to selection of specific 

materials, because they are accurate enough to capture overall material trends. This is the 

situation that exists in the current state of the practice, and it is found to occur either 

explicitly, as in the Mechanistic-Empirical Pavement Design Guide (MEPDG), or implicitly, 

as in the American Association of State Highway Transportation Officials (AASHTO) legacy 

design guides.  

For more exacting tasks, such as optimizing mix designs for the available materials or 

predicting how well a new material might perform, these empirical methods are lacking. To 

remedy this situation, numerous investigations towards developing a truly mechanistic model 

for asphalt concrete behavior have been undertaken in recent years. Much of this work has 

focused on material modeling at the mixture scale, i.e., macroscale, and has resulted in 

improvements in the understanding of asphalt concrete behaviors. This work, however, has 

limited usefulness for tasks like mix design optimization. These macroscale models have the 

capability to predict how well a given mixture will perform, but they have not, as of yet, 

shown the ability to predict the best way to adjust the contents of that mixture to maximize 

its performance. Macroscale material models simply do not contain the necessary analytical 

detail to comprehensively perform such tasks. To accomplish his goal with such models one 

must rely on phenomenological and/or empirical enhancements. So while these efforts 

represent a significant improvement to the engineering practice, the fact remains that asphalt 

concrete behaviors are still dominated by the complicated behaviors, which occur at smaller 

than mixture length scales. For this type of task, a multiscale model is needed.  

Multiscale modeling is the field of solving problems that have important 

characteristics at different scales of length and time. This field of study has been found to be 

useful in many other areas including physics, genetics, meteorology, operations, biomedical, 
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and materials science, to name a few. In physics the terminology of scales used in  multiscale 

models have been clearly defined as quantum level (electrons), molecular level (atoms), 

meso- or nano-level (molecules or atomic groups), continuum level, and device level. At 

each of these levels, the mathematics that describe the important phenomenon may change, 

but the important characteristic is that the information and model outputs for any given level 

become input for the next largest level. In genetics, multiscale models are used to solve and 

model complex protein structures in a computationally efficient way. Meteorology uses these 

methods to examine weather patterns at local, regional, and global scales. At each successive 

scale, the level of complexity reduces, but the accuracy may not. For example, if the local 

scale behaviors are homogenized and effectively smeared into the regional models, which are 

in turn similarly processed into the global models then analytical accuracy can be maintained. 

Multiscale decision making is another type of multiscale model because it optimizes complex 

systems by dividing them into appropriate organizational, time, or spatial units and drawing 

analogies with mathematically definable physical systems. Other fields like biomedical and 

materials science also use these methods to study and comprehend complex materials and 

material phenomena at a level that is not possible with standard experimental techniques.  

Multiscale modeling is becoming an increasingly popular technique for improving the 

understanding of the mechanisms that affect the behaviors and ultimately the performance of 

asphalt concrete. Multiscale models are used to gain insight into the mechanics of asphalt 

concrete at significantly smaller length scales than those presently considered by the 

pavement materials community. They are also used to find the interaction between these 

smaller scales and the larger ones. The belief in performing these tasks is that such 

understanding will lead to the development of practical tools to aid in mix design, material 

selection, and presumably pavement design. Like multiscale modeling in other disciplines, 

formulations begin at characteristic lengths that are much shorter than that of the mixture and 

thus inherently include the analytical framework necessary to predict how the mixture 

responds to changes in microstructure.  
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Significant attention has been given to computational methods and advances in the 

use of certain techniques such as the cohesive zone, lattice, and discrete element models have 

been made. However, much of this work has progressed with relatively little consideration 

for certain key microstructural characteristics, how these characteristics may influence the 

computational model results, and in some cases without explicit considerations for the actual 

physics which govern the material response. Some of these computational studies address 

these issues with experimental data. In such studies the experimental data should be gathered, 

processed, and analyzed with appropriate generality. However, the tendency has been to treat 

the assumptions made in a given computational framework as fact and then only gather the 

material properties to support this point of view. 

Experimental studies involving scaled aspects of asphalt concrete have been 

performed under the premise of material investigation. The goal of these investigations is to 

improve the understanding of the material so that more effective specifications can be 

developed and implemented and to gain the insight necessary to better enact certain 

engineering solutions. These studies, and extensions thereof, have important implications in 

the field of multiscale models even though this goal was not a primary objective for the 

research. They provide methods and results whereby active physical processes can be better 

understood and as a result improve the formulations for computational, analytical and 

phenomenological models.  

It is believed that the subject of multiscale modeling has matured to the point that a 

more appropriate understanding of the microstructural configuration and physics at different 

length scales in asphalt concrete is needed. This improved understanding requires an 

experimental program that balances generality and considerations for multiscale model inputs. 

Such investigation may involve the use of advanced techniques not traditionally used in the 

field of asphalt concrete material testing and modeling. Due to the complexity of the physical 

processes involved, phenomenological and/or empirical methods can be useful for 

accomplishing these goals.  
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This work has implications on multiple engineering disciplines. The most direct 

implication is on the area of sustainable infrastructure, and pavement design in particular. 

Solving this problem requires a comprehensive view of many different topics. Pavement 

engineers are involved in the material selection process and in the performance prediction of 

chosen materials, both of these tasks form the building block for a sustainable pavement 

design. However, these tasks alone are not sufficient for the sustainable design of pavement 

structures. Other disciplines are needed to properly and comprehensively develop sustainable 

pavement practices. These disciplines include; geotechnical engineers for their expertise on 

how to best maximize a given siteôs soil conditions, computational mechanics for its tools 

and techniques in combining the pavement engineerôs material model with appropriate 

structural models, the engineering economics and optimization expertise from systems and 

operations engineers, environmental engineers to quantify the effects of short and long-term 

air quality and non-point surface pollution.  

In addition to sustainability practices, this modeling work, particularly the study of 

asphalt concrete microstructure, has implications in the area of full depth reclamations and 

bituminous soil stabilization. In these applications, asphalt cement, in either a foamed or 

emulsified form, is introduced to a pulverized asphalt concrete pavement or directly to a soil. 

The two materials are mixed together and then allowed to cure. The performance of the final 

composite product is directly related to the characteristic dispersion pattern of the asphalt 

within the composite. In other words the performance of full depth reclamation asphalt 

concrete and of bituminous stabilized soil is directly related to the microstructural 

configuration of the material. Multiscale modeling fits into this process by providing more 

accurate tools and better experimental techniques for assessing the microstructure of such 

composite materials.  

Other applications for portions of the work presented herein also exist, for example 

multiscale model techniques are used in the fields of biological tissues or advanced materials 

models. The physics affecting these materials and thus the mechanics used to describe them, 

show parallels with those used to describe asphalt concrete behavior.  
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Demands on all of the nationôs built infrastructure, but pavements in particular, are 

constantly increasing even as larger funding constraints and environmental concerns limit the 

ability to meet current demands. As a result of this situation engineers must find ways to 

maximize the performance of the current materials which are used in this infrastructure, and 

explore new materials that are more sustainable. The study of multiscale models provides a 

set of necessary insight, tools, and experimental methods to both maximize current materials 

and to properly examine future ones.  

1.2 Defining Multiscale Modeling 

In its most general form the term multiscale modeling refers to a philosophical ideal 

by which one views a material and develops a modeling strategy to predict that materialôs 

response to a generalized input. The framework and topics that are covered by this general 

philosophy are summarized by the schematic in Figure 1.1, which is specialized for the 

application of multiscale modeling to asphalt and asphalt concrete studies. It can be seen that 

under this framework that many different interpretations of the specific tasks involved in 

multiscale modeling can exist. Work falling under the topic of multiscale modeling may 

include molecular dynamics at the nano- and micro-scale or the development of empirical 

models like those in the MEPDG, which link macro-scale experimental observations with in-

service pavement performance. In the research study performed here, focus is given to the 

scales ranging from 10
-5 

to 10
-3

 meters. One might refer to this range of scales as the 

materials scales since they have been the primary focus of engineering material studies on 

asphalt for the past 80 years or more. Thus a proper multiscale interpretation of the material 

over this range is likely to have the most immediate impact for researchers and practitioners 

alike. Within this range of scale, the topic of multiscale modeling is more narrowly divided 

into two primary areas of study; 1) mechanistic modeling at multiple characteristic lengths 

and 2) understanding the microstructural configuration of asphalt concrete at the materials 

scale so that the mechanistic behaviors at different length scales can be linked. 
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Figure 1.1. Schematic diagram showing aspects of the general definition of multiscale 

modeling in asphalt concrete.  

1.3 Objective Statement 

The objectives of the research discussed herein are to: 

 

¶ Develop mechanistic models for the linear viscoelastic (LVE) and damage 

behaviors in asphalt concrete at different length scales and 

¶ Develop a mechanistic, mechanistic/empirical, or phenomenological 

formulation to link the different length scales into a model capable of predicting 

the effects of microstructural changes on the linear viscoelastic and damage 

behaviors of asphalt concrete mixture, e.g., a microstructure association model 

for asphalt concrete mixture.  
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To accomplish these objectives, the research must be divided into two primary 

branches of study as shown schematically in Figure 1.2. These two branches are primarily 

independent, but the insights gained from both are necessary. In the first branch, the 

characteristic behaviors of the different length scales are studied. This study focuses on first 

understanding the LVE behaviors and then understanding the damage behaviors of each 

characteristic scale. Mechanistic models are needed for each scale to gain the proper insight 

and have appropriate generality for applications to practical engineering problems. The 

second branch of study focuses on finding and defining a basic unit within asphalt concrete. 

The importance of the basic unit is that it is a homogeneous unit which can, when 

characterized, be used to predict the behavior of variations in microstructure at successively 

greater scales. In addition, this unit would be the smallest scale where experimental data 

would need to be gathered, and might consist of asphalt binder, asphalt binder and filler sized 

particles, or some other combination of constituent materials. Through this investigation, 

insight will be gained into the microstructural configuration and interactions occurring within 

asphalt concrete. This insight and resulting microstructural hypotheses will guide the 

development of the comprehensive multiscale formulation. 
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Figure 1.2. Schematic representation of overall research plan. 

1.4 Dissertation Outline 

This dissertation is divided into ten different chapters, a list of references, and three 

appendices. A brief summary of each chapter is given below. 

 

Chapter 1: Introduction focuses on introducing and providing context for the research topic 

being pursued by the proposed research plan. This chapter also provides the study objectives 

and a broad overview of the study plan.  

 

Chapter 2: Multiscale Modeling Literature Review presents the results from a literature 

review on the topic of multiscale modeling as it relates to asphalt concrete. The available 
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literature is found to focus on two different areas: 1) experimental studies of different 

characteristic length scales in asphalt concrete mixtures and 2) analytical and computational 

models to relate composite material properties to constituent material properties. A 

comprehensive review of both of these aspects is given. 

 

Chapter 3: Experimental Program describes the material and specimen preparation methods 

for this study. This chapter also describes the various laboratory tests that have been used. 

 

Chapter 4: Evaluation of Microstructural Configuration of Asphalt Concrete discusses 

different studies which are goaled towards improving the understanding of the 

microstructural configuration in asphalt concrete mixtures. In this chapter, a microstructural 

behavior hypothesis is formulated and experimental data in support of this hypothesis and in 

refutation of other hypotheses is shown. 

 

Chapter 5: Constitutive Modeling of Asphalt Mixture: Linear and Quasi-Linear 

Viscoelasticity discusses the LVE behaviors of asphalt mixture. The first portion of this 

chapter reviews the concept of thermorheological simplicity and how this phenomenon can 

be used to create mastercurves for LVE behaviors and thus simplify analysis. Particular 

attention is given in this chapter to simple effects like asphalt and air void contents as well as 

external effects such as loading level. In this chapter pertinent literature on LVE analysis of 

asphalt concrete is also reviewed. Specific attention is given to the impacts of loading history, 

stress state, anisotropy, and strain level. Data from many other experimental studies are used 

for this purpose. 

 

Chapter 6: Constitutive Modeling of Asphalt Mixture: Simplified Fatigue Characterization 

Protocol describes the derivation and application of simplified version of a viscoelastic 

continuum damage mechanics (VECD) model for the fatigue characterization of asphalt 

concrete. The chapter begins with a re-derivation of the rigorous version of the VECD to 
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provide the necessary background for the simplified VECD (S-VECD) formulation. The 

complete S-VECD requires LVE characterization, so this chapter also discusses issues 

relating to the particular nature of the LVE characterization protocol. Finally, the complete S-

VECD test method is presented. 

 

Chapter 7: Constitutive Modeling of Asphalt FAM describes the linear viscoelastic and 

damage behaviors of asphalt FAM. Specific areas of discussion include the effect of asphalt 

and air void contents, maximum aggregate size, and load level. The applicability of the 

extended viscoelastic correspondence principle is also presented. Finally, the damage 

characteristic behaviors, as assessed via direct tension experiments, are presented along with 

the VECD model characterization results. 

 

Chapter 8: Constitutive Modeling of Asphalt Mastic presents the results from experimental 

characterization of asphalt mastics at different concentrations. Like the presentations in 

Chapter 5 and Chapter 7, particular attention is given to the effects of asphalt and air void 

contents and input levels. Existing analytical models are also evaluated for their predictive 

capabilities of the mastic stiffening. One of these existing models is used to assess the 

implications of physico-chemical interactions. Also, like Chapter 7, the extended viscoelastic 

correspondence principle is assessed for its applicability to asphalt binder and mastic. Finally, 

a form of the VECD model is derived and then characterized for different asphalt mastics and 

asphalt binder.  

 

Chapter 9: Microstructure Association Model for Asphalt Concrete describes the 

development of a microstructure association model for asphalt concrete. This model utilizes 

mechanical properties measured at the mastic scale to predict the properties at the mixture 

and FAM scales. Attention is given to a new concept, the structuralization index, which links 

the behaviors of asphalt mastic to those of FAM and mixture. Next, the components of this 
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association model are presented along with their physical justifications. Finally, the 

predicative capabilities of this model are shown. 

 

Chapter 10: Conclusions and Recommendations summarizes the key conclusions from this 

research and presents recommendations for future research. 
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Chapter 2 

Multiscale Modeling Literature Review 

2.1 Introduction 

Multiscale modeling with asphalt concrete encompasses many issues, but the 

available literature can be divided into four main topics: 1) experimental studies with asphalt 

mastics, 2) experimental studies with asphalt FAM, 3) multiscale modeling with analytical 

models, and 4) multiscale modeling with computational models. To fully appreciate and 

understand where the current work fits into the subject of multiscale modeling, one must 

have an understanding of each of these topics and in the following sections they are 

separately reviewed. It is also important to understand how the terms binder, mastic, FAM 

and mixture are used in this document. In the interest of brevity the qualifying term asphalt is 

left off each of these, but it should be understood based on preceding paragraphs that this 

research deals exclusively with asphaltic mastics, FAM and mixtures. The definitions of 

these characteristic material length scales are given below and justifications for these 

definitions are provided in subsequent sections: 

 

¶ Binder ï A dark brown to black cementitious material in which the predominating 

constituents are bitumens which occur in nature or are obtained in petroleum 

processing (ASTM D8). These materials are primarily composed of hydrocarbons but, 

depending on the native petroleum source may contain various other constituents 
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including Oxygen, Nitrogen, Sulfur, and trace amounts of various metals (Lesueur 

2009). Chemically they are described by the concentrations of saturate, aromatic, 

resin, and asphaltene components.  

¶ Filler ï The portion of a combined aggregate blend that passes the 75 mm sieve (#200 

sieve). 

¶ Fine Particles ï The aggregate particles that are larger than the filler, but smaller than 

coarse aggregate particles. The delineation between coarse and fine particles is 

mixture dependent, but generally happens at the 2.36 mm (#8) sieve or smaller sieves 

depending on the material of interest.  

¶ Mastic ï The material that results from the combination of binder and filler sized 

particles. The exact ratio of asphalt binder to aggregate particles is material dependent. 

¶ Fine Aggregate Matrix (FAM) ï The material created by combining asphalt binder, 

air, filler, and fine aggregate particles with a specific gradation. For any given 

mixture there may be an infinite number of FAM materials, but there is only one that 

is functionally relevant and exists between the coarse aggregate particles. This 

functionally relevant FAM is referred to as the Real FAM or R-FAM to distinguish it 

from other materials tested in this study. 

¶ Mixture ï The material that results from the combination of graded aggregate 

particles at sizes up to 37.5 mm (1.5 inches), binder, air, filler and fine aggregate 

particles. 

2.2 Experimental Studies with Asphalt Mastics 

The important influence of asphalt mastic properties on the behavior of asphalt 

mixture was recognized by the asphalt concrete industry as early as 1930. Beginning in this 

year and continuing until 1938, the Barber Asphalt Company conducted extensive studies on 

the effects of fillers on the rheology of asphalt mastics (Traxler and Miller 1936, Traxler 

1937, Traxler et al. 1937). After this extensive study, it was concluded that the complications 
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in predicting mastic behavior from known binder and filler characteristics were significant 

and that the best way to determine how a filler might affect an asphalt concrete mixture was 

to experiment directly on the blended material. A follow-up to this study, which used 

different materials and experimental techniques, came to the same conclusion (Warden et al. 

1959). Further studies conducted over the next 50 years have shown mixed results as it 

relates to the determination of mastic properties from only those of the filler and binder. 

One issue that complicates the interpretation of this historical data is the inconsistent 

manner by which filler and mastic are defined. Although no formal consensus exists on these 

definitions, the general agreement throughout the literature seems to be that the material that 

is one characteristic scale larger than the pure asphalt binder should be called asphalt mastic. 

General agreement also suggests that the mastic consists of two materials: the asphalt binder 

and all of the aggregate particles that pass the 75 mm or 100 mm sieve. In most cases these 

particles are referred to simply as filler -sized particles (Warden et al. 1959, Dukatz and 

Anderson 1980, Kim 2003, Zollinger 2005, Delaporte et al. 2007). It has been reported that 

particles that are small enough (less than 0.1 mm) can become colloidal within an asphalt 

binder, and some researchers have argued that this size is the true limit for mastic-sized 

particles (Tunnicliff 1962). The argument put forth is that, when the sub-micron sized 

particles are blended with asphalt binder, they impart fundamentally different physical 

properties to the blend than particles sized 0.1 mm to 75 mm. However, practically obtaining 

such small particles is difficult if not impossible, and thus, many researchers elect to smear 

these super-fine particle effects into their experimental results.  

Although many researchers agree with the above statements on size definitions, they 

differ as to the interpretation of the mastic within the asphalt concrete mixture, and 

consequently, differ as to the quantity of asphalt binder they add to the filler to make mastic. 

They may also differ as to how they choose to quantify the amount of asphalt binder (by 

mass concentration, by volume concentration, by mass of filler, by volume of filler, etc.). 

This latter issue may cause significant confusion and should be verified carefully before 

comparisons between data sets are made.  
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The seminal work on the topic of filler effects in asphalt binder was performed by P. J. 

Rigden in 1947. In his paper, Rigden shows the experimental results from a set of so-called 

mineral dusts that were combined with tar and asphalt and tested for viscosity at different 

volumetric concentrations. Rigden found that a mostly unique relationship exists when the 

viscosity ratio (mastic to binder) is plotted against the filler concentration, which had been 

normalized by the dry compacted volume of the dusts to account for inherent material 

differences. The dry compacted volume test that Rigden introduced as a way to account for 

the inherent differences in filler characteristics is still used today and is considered to be an 

important index for predicting filler behavior (EN 1097-4:2008, Faheem et al. 2010).  

Although the results from Rigdenôs study have been verified by others using similar 

types of experiments (Heukelom 1965), the general consensus appears to be that the original 

conclusions are insufficient for explaining the behaviors of all materials with sufficient 

accuracy. In particular, the approach is criticized because it takes into account only 

mechanical factors and indirectly suggests that physico-chemical characteristics, such as 

selective adsorption of the asphalt binder compounds by the aggregate particles, are not 

critically important. Craus et al. (1978) performed studies using a single asphalt binder mixed 

with materials of similar physical characteristics, but vastly different chemical ones (hydrated 

lime, glass beads, granite, etc.), and showed that differences exist in the heat of reaction, that 

selective adsorption may occur, and that drastically different mastic properties result. Other 

researchers also have reached the same conclusions by conducting various tests on different 

combinations of asphalt binder and filler (Warden et al. 1959, Winniford 1961, Tunnicliff 

1962, Anderson and Goetz 1973, Dukatz and Anderson 1980, Ishai et al. 1980, Anderson et 

al. 1992, Kim 2003). The length to which each of these researchers goes to explain any 

observed phenomenon with physical processes alone is different. As a result, care should be 

taken when reviewing the literature because many times physico-chemical explanations are 

used without carefully evaluating whether the observed behaviors can be explained by 

physical processes alone. 
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The most enduring characteristic of the Rigden, Heukelom, and other early studies 

(Warden et al. 1959, Tunnicliff 1967, Craus et al. 1978) is that those tests were conducted at 

multiple blend concentrations and thus provide insight into the behaviors of mastic for a 

broad range of conditions. More recently, a substantial study was conducted by Delaporte et 

al. (2007) wherein 16 different mastics were created from various aggregate gradations using 

un-aged and RTFO-aged binder. The materials were tested in oscillatory shear mode over a 

range of frequencies and temperatures from -25°C to 80°C, and the effect of the filler content 

was quantified based on its effect on the dynamic shear modulus (|G*|), the phase angle (d), 

and the time-temperature (t-T) shift factor. The researchers concluded that increases in filler 

concentration had little effect on the t-T shift factor, but did increase the |G*| and decrease 

the d. Similar results have been found for a large number of mastics by Abbas et al. (2005) 

and by other researchers for a more limited number of materials and/or conditions (Anderson 

et al. 1992, Kim 2003).  

Many studies have focused on only a single filler concentration in their experimental 

programs. Anderson and Goetz (1973) studied the rheological properties of different mastics 

at a filler volume concentration of 40%, but gave no explanation as to how this percentage 

was determined. Anderson et al. (1992) tested various mastics at a volume concentration of 

0.33, which the authors note as being representative of that obtained for a typical mixture by 

making reference to the Anderson and Goetz study. Anderson et al. provide no further 

indication as to how that value was determined. Through trials with materials of various 

physical properties, it can be shown that a volume concentration of 0.33 assumes that only a 

portion of the total asphalt binder added to the system goes into the mastic phase and that the 

remaining asphalt is absorbed into the coarse aggregate particles and is used to coat some of 

the aggregate particles. It is not certain that the aforementioned studies made such allowances 

in deriving their test values. A more recent and ongoing study which is part of NCHRP 9-45 

measures the rotational viscosity of 68 different mastics (17 fillers and 4 asphalt binders) at 

135°C and at a blend ratio of 50% filler to 50% binder by mass (Faheem et al. 2010). This 

blending process results in a range of volumetric filler concentrations from 27% to 30%. Kim 
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(2003) studied the behavior of mastics fabricated at concentrations of 5%, 10%, and 25%, but 

chose only the data at 25% for the computational modeling without providing a 

comprehensive reason. Smith and Hesp (2000) studied the phenomenon of crack pinning in 

asphalt mastics by testing materials with 50% (glass beads) and 65% (ground limestone) 

filler concentrations by volume. None of the available literature reports the sensitivity of 

computational multiscale models to differences in the material properties of the mastic phase. 

2.3 Experimental Studies with Asphalt FAM 

The characteristic scale immediately smaller than that of asphalt concrete and 

immediately larger than that of asphalt mastic (e.g. å 10
-3

 m) is known as FAM, a term 

initially used by Kim (2003) to define the material used in his studies with sand asphalt. 

FAM experiments have been used to study fatigue damage, moisture damage and healing in 

asphalt concrete mixtures. This scale is used to study these phenomena because it is argued 

that since they occur largely in the volumes between the coarsest aggregate particles, tests 

performed on FAM materials should provide a direct indication of how the phenomena will 

manifest in a given asphalt concrete mixture. This hypothesis is of course predicated on the 

assumption that the FAM material in the experiment accurately represents the FAM material 

as it exists in the asphalt mixture. Kim (2003) used FAM samples to investigate both fatigue 

and healing in asphalt concrete and was able to distinguish differences in the characteristics 

of two different asphalt binders. The observed differences agreed with the accepted 

engineering behaviors of the two study binders. Zollinger (2005) studied the moisture 

damage phenomenon of eight different mixtures and showed a ranking in moisture damage 

resistance that agreed with independent surface energy measurements. Castelo Branco et al. 

(2008) also studied the fatigue characteristics of asphalt concrete mixtures by using FAM 

experiments and concluded that such tests could yield useful information for fatigue 

behaviors of mixture. 
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The most critical component for ensuring that FAM tests are appropriately conducted 

and utilized for multiscale modeling purposes is that the FAM materials assembled should 

replicate the length scale as it exists in the full mixture. Since it is not known exactly how 

this material exists in the mixture various methods have been proposed. Kim (2003) 

fabricated samples with an asphalt content of 8% by total mass. This value was chosen 

somewhat based on assumptions regarding asphalt film thickness within asphalt concrete. 

Samples were fabricated at an average air void content of 17%. To date, no published 

documentation exists regarding; the distribution of air voids within the FAM materials, ways 

that this distribution compares with similar distributions within asphalt concrete mixtures, 

and the implications of potential differences between the distribution of air voids for the 

FAM materials versus that for asphalt concrete mixtures. However, simple volumetric 

calculations can clearly show that 17% air voids cannot physically exist as a homogeneous 

distribution. Subsequent improvements in the fabrication process were able to reduce this air 

void content to a more reasonable level while at the same time making the whole fabrication 

process easier (Zollinger 2005).  

The sand asphalt studied by Kim (2003) included aggregate particles smaller than 

1.18 mm. This size was chosen based on the availability of the standard sand required by 

ASTM C778, which is mostly uniform and of sizes from 0.6 mm to 0.3 mm. Zollinger (2005) 

followed the work of Kim and created a FAM from actual asphalt concrete mixture 

gradations by taking only material finer than 1.18 mm. Other researchers have defined the 

scale below asphalt concrete using aggregate sizes smaller than 2.36 mm (Dai and You 2007, 

Kim et al. 2008), 2.26 mm (Valenta et al. 2010), or 2 mm (Lackner et al. 2005). The Bailey 

Method, which is used for analyzing and developing aggregate gradations in asphalt concrete 

and is rooted in packing theory, provides a phenomenologically justified concept using the 

definition of a primary control sieve (Vavrik et al. 2001). This sieve size is computed based 

on the ideal aggregate diameter that would just fit inside the void space created by three of 

the nominally largest sized coarse particles touching in the most optimal arrangement. For 

mixtures with a nominal maximum aggregate size (NMAS) of 9.5 mm and 12.5 mm this 
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dimension is approximately 2.36 mm, and for 19.0 mm and 25.0 mm NMAS mixtures this 

dimension corresponds to the 4.75 mm sieve. These definitions would suggest that for 9.5 

mm and 12.5 mm mixtures the FAM material should be fabricated with aggregates that are 

smaller than 2.36 mm, and for 19.0 mm and 25.0 mm mixtures the FAM should contain all of 

the aggregates smaller than 4.75 mm. Of course this concept assumes that the largest 

aggregate size is the only one forming the aggregate skeleton, and certain adjustments may 

be warranted based upon direct experimental evidence. 

Refinements to these blending parameters are included in the tasks of the Asphalt 

Research Consortium (ARC) project, but as of yet no conclusions have been drawn. 

Furthermore, no analysis has been reported in the literature that relates to the sensitivity of 

the FAM properties to these blending parameters (i.e., asphalt content and air void content). 

This review also shows that even though R-FAM is defined in functional terms, i.e., the 

material that exists between the coarse aggregates, no real independent verification has been 

undertaken that confirms whether or not any of the adopted size ranges for FAM actually 

exist in this state. Further, there is no evidence that the FAM parameters and rules adopted 

thus far are truly representative of the material. 

2.4 Analytical Models 

2.4.1 Dilute and Empirical Formulations 

The simplest formulations for modeling the global response of a two material blend 

assume that one of the materials is in the form of isodisperse globules and the other acts as a 

matrix. Multiple models have been formulated from this assumption either theoretically or by 

making empirical adjustments to theoretically justified derivations. Einstein (1956) using 

energy balance principles showed that the combined viscosity of a dilute suspension was 

given by Equation (2.1).  

1 2.5c

vC
h

h
= +  (2.1) 
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In this equation, Cv is the volumetric concentration of the isodisperse spheres, h is the 

viscosity of the matrix, and hc is the viscosity of the composite. DeBruijn (1942) attempted 

to determine the higher order terms neglected by Einstein and arrived at the relationship 

given in Equation (2.2). 

21 2.5 1.55c

v vC C
h

h
= + +  (2.2) 

Ward and Whitmore (1950) studied the application of this equation to real particles 

with dispersed but specific size distributions and concluded that for such materials the factor 

in front of the concentration could range from 2.1 to 3.6. Roscoe (1952) used Ward and 

Whitmoreôs data to mathematically show that for a solution with particles of graded sizes that 

the viscosity ratio is given by Equation (2.3).  

( )
2.5

1c

vC
h

h

-
= -  (2.3) 

This equation can be shown to reduce to Einsteinôs equation at low concentrations. 

Roscoe further argues that at volume concentrations above approximately 5% that Einsteinôs 

equation is invalid, and then goes on to show that at higher volumetric concentrations that 

Equation (2.4) should be used in lieu of Equation (2.3). Roscoe notes that Equation (2.3) 

tends toward infinity at volumetric concentrations of 100% whereas Equation (2.4) tends to 

this limit at volumetric concentrations of 74%. The tendency to infinity at 74% is an 

important characteristic since it corresponds to the maximum packing fraction possible with 

same sized spherical particles.  
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= -æ ö
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 (2.4) 

 Mooney also generalized Einsteinôs work to higher concentrations by introducing the 

concept of a crowding factor to account for the first-order particulate interactions (Mooney 

1951). Equation (2.5) summarizes Mooneyôs concept where the crowding effect is quantified 
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with the factor k and is found to be the inverse of the maximum packing fraction (0.74 for 

single sized spheres).   

2.5

1

v

v

C

kCc e
h

h

-
=  (2.5) 

Frankel and Acrivos (1967) used hydrodynamics to analyze the flow resistance of the 

medium between the uniform spheres and derived Equation (2.6). In this equation Cv,max 

represents the maximum packing fraction for the material under investigation. 
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Additional empirical models have also been developed such as those by Eilers (1941), 

Equation (2.7), Mooney (1946), Equation (2.8), Chong et al. (1971), Equation (2.9), and 

Kataoka et al. (1978), Equation (2.10), to name a few. All of these equations are formulated 

to predict the viscosity ratio of a material blend, but have also been applied to other 

engineering properties such as |G*| (Kim 2003, Faheem and Bahia 2009).   
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2.4.2 Micromechanical Motivated Formulations 

In addition to the dilute and empirical equations above, micromechanical models have 

been derived to predict the effect of rigid inclusions into a soft matrix. Dewey (1947) first 

derived such a solution for the small strain elastic deformations when a single rigid inclusion 

was included into a medium. This solution was then generalized to account for the effect of 

multiple spheres but only when included as a dilute suspension. Since simpler models existed 

for adequately describing this condition, Deweyôs model has been largely ignored. Eshelby 

(1957) also solved the problem of a dilute suspension and showed that the ratio of the 

modulus of the composite to the modulus of the matrix was given by Equation (2.11). It can 

be shown that this equation reduces to the Einstein function, Equation (2.1), when the 

Poissonôs ratio of the matrix is equal to 0.5 and the particles are rigid (i.e., Gp = Ð). 
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 (2.11) 

Hashin (1962) derived a similar equation as Eshelby, but utilized a different 

technique involving variational principles and a composite sphere model. In this model the 

particulate inclusions are modeled as composite spheres consisting of an inner sphere and a 

surrounding sphere of specified radius. It is further assumed that the ratio of surrounding 

sphere to particulate radius is constant for all particles. The portion of the total volume that is 

neither consumed by the particle nor the surrounding sphere is assumed to exist in a state of 

constant stress or strain. With this assumption it can be shown that since this volume 

becomes infinitesimally small through the filling process that at the limit the composite body 

strain energy will approach the strain energy in these composite spheres. This aspect of the 
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composite sphere model is utilized to formulate the relationship shown in Equation (2.12). 

Equation (2.12) is found to closely resemble Eshelbyôs model and in fact when second order 

terms are ignored, i.e., for small concentrations, the two functions can be shown to yield the 

same result.  
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 (2.12) 

 A third micromechanical model of note is that of Christensen and Lo (1979). These 

researchers utilized the conceptual model first described by Kerner (1956) of a spherical 

inclusion imbedded in an infinite matrix of known properties. This conceptual model was 

further modified by including a shell of effective and unknown properties which surrounded 

the spherical inclusion cf. Figure 2.1. This so-called three-phase model was then generalized 

and solved using many of the same principles employed by Kerner and subsequently by 

Eshelby (1957). The final solution form can be written in the simple quadratic form shown in 

Equation (2.13). 

 

 
Figure 2.1. Conceptual effective properties model utilized by Christensen and Lo (1979). 
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Herve and Zaoui  (1993) generalized the work of Christensen and Lo to account for 

inclusions coated with an indefinite (but finite and discrete) number of layers. They referred 

to this model as the n+1 Phase Model to reflect the fact that it was more general than the 

Christensen and Lo form. Like the other micromechanical based solutions, the n+1 Phase 

Model assumes that the strain energy is conserved throughout the phases. It also assumes that 

stresses and displacements are continuous across the interface boundaries. Under simple 

shear, this model reduces to solving the same basic form in Equation (2.13), but where the 

terms A, B, and C are defined differently as shown in Equations (2.20) through (2.22). These 

equations are shown following the convention of Herve and Zaoui where the subscript n 

denotes the matrix material and n-1 denotes the shell layer immediately adjacent to the 

matrix layer. For example, in the case of a rigid particle coated with a uniform film of 

material A and embedded in a matrix of material B; material A would be the n-1 layer and 

material B would be the n layer. Additional terms needed in Equation s (2.20) through (2.22)

are also defined below. In these additional equations, Rk refers to the radius at the interface 

between subsequent layers. The index is such that R1 < R2 < R3 < Rn. The matrix, L k+1(Rk) is 

the L  matrix evaluated for layer k+1 at its interface with layer k and L k(Rk) is the L  matrix for 

layer k evaluated at its interface with layer k+1. The convention is to assign the lowest level 

to the most interior material when the subscript i or k is used, Thus for the previous example, 

the rigid particle would be assigned the index 1, material A would be assigned index 2, and 

material B would be assigned index 3. To determine the radii used in these functions it is 

assumed that the outer shell, Rn, has a radius of unity. From this assumption the radius of the 

other phases can be calculated from the respective volume concentrations. For the aggregate 

phase, this radius is given by Equation (2.27) but generally the relationship is given by 

Equation (2.28). 
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The Kernerôs model (1956) mentioned earlier was recast into a standard form by 

Halpin and Kardos (1976). The standard form, shown in Equation (2.29), includes two 

composite dependent constants. The first constant, A, includes the effects of Poissonôs ratio 
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and the geometric properties of the filler phase. The second constant, B, quantifies the effect 

of the particulate and matrix modulus ratio.  

1

1

c v

m v
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+
=
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 (2.29) 
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 (2.30) 

Lewis and Nielsen (1968) and Nielsen (1970) recognized that this formulation had a 

weakness in that it did not account for the maximum packing fraction of the particulate 

matter. Thus the model predicted an infinite composite modulus when the volume 

concentrations approached 100% instead of predicting an infinite modulus as the volume 

concentration approached the maximum packing fraction of the particles. It was also 

recognized that the A constant could be given in terms of the generalized Einstein coefficient, 

which as discussed above is theoretically equal to 2.5 for rigid spheres in a incompressible 

medium and has been found experimentally to range between 2.1 and 3.6. The Lewis and 

Nielsen modified function is shown in Equation (2.31).  
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- Y

 (2.31) 

where, B is given by Equation (2.30), A = m ï 1, m = Einsteinôs coefficient, and Y is the 

maximum packing function, Equation (2.32). 
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2.5 Fractional Compaction 

The concept of fractional compaction evolved from empirical packing studies and 

from analytical studies on the stiffening of dilute solutions. The term was, apparently, first 

coined through the work of Rigden (1947), but has been used in concept by others without 

specific reference to Rigdenôs work or the term fractional compaction. The mathematical 

definition of fractional compaction is given in Equation (2.33) and is shown schematically in 

Figure 2.2. 

100 %

100 %
c

reference

Voids
f

Void

-
=

-
 (2.33) 

where 

fc = fractional compaction, 

%Voids = void volume in a given material expressed as a percentage of total 

volume, and 

%Voidsreference = void volume in a given material expressed as a percentage of total 

volume and determined from a separate experiment. 

The concept of fractional compaction is used to normalize materials with respect to 

their basic packing characteristics under some standardized compactive effort. It follows 

from the hypothesis that materials of different composition behave similarly when the 

internal structure is under a similar state of inter-particulate interaction. The reference void 

content can be chosen at any condition, but it is typically taken as the dry compacted density 

of the material. Since the concept has been historically applied to fillers in mastics, this 

compacted void content is usually that determined by the Rigden apparatus and is referred to 

as the Rigden voids. An example could be used for the case of rigid same-sized spheres 

where the reference case would be 26% since the packing factor for such particles is 0.74. 

For real materials this void content may range from 20% to 40% or more depending on the 

surface texture and gradation of the material. When the maximum packing configuration is 
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taken as the reference there is a strong analogy between fractional compaction and the use of 

the Cv to Cv,max ratio.  

 

 
Figure 2.2. Schematic representation of fractional compaction concept. 

2.6 Computational Models 

To date, much of the work on multiscale modeling of asphalt concrete has focused on 

the application of computational techniques, in fact it could be said that the primary driving 

force behind multiscale modeling with asphalt concrete are the computational tools. The 

most popular methods for performing this task are cohesive zone models (Kim 2003, Kim et 

al. 2008, WRI 2010a), lattice models (Guddati et al. 2002, WRI 2010a), and discrete element 

models (Zhu 2000, Abbas et al. 2005, Dai and You 2007). In general, multiscale modeling in 

this area consists of performing a series of two-phase (matrix and particulate) computational 

simulations wherein each successive simulation uses the input from the previous simulation 

as the matrix phase and increases the characteristic size of the particulate phase by some 
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amount, e.g., upscaling. For example, in a typical modeling scheme, the first simulation may 

be performed to predict the stiffness response of a material with asphalt binder as the matrix 

phase and particles smaller than 75 mm as the particulate phase. The predicted properties of 

this material would then become the input for the matrix phase of a scale that uses particles 

larger than 75 mm but smaller than 2.36 mm as the particulate phase. This process continues 

until the full asphalt mixture performance is predicted. The specific levels of discretization 

are dependent upon the degree of accuracy desired, the resolution of supplementary 

processes such as particulate images/3-D scans, and the allowable computational expense.  
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Chapter 3 

Experimental Program 

3.1 Materials 

Two dense graded mixtures consisting of granitic aggregate and unmodified asphalt 

binder have been used to study and verify the multiscale characteristics of asphalt concrete. 

The primary mixture is a S9.5B Superpave mixture from the mountain region of North 

Carolina. The gradation has a nominal maximum size of aggregate (NMSA) of 9.5 mm and is 

typically used in North Carolina as a surface mixture on roadways with equivalent single axle 

load s (EASLs) of between 0.3 and 3 million (collector roads and medium trafficked city 

streets). The secondary mixture in this study is an I19.0C Superpave mixture, which has a 

NMSA of 19.0 mm and is typically used as an intermediate coarse on roadways with EASLs 

of 3 to 30 million (primary roads, US routes, and rural interstates).  

For the primary mixture, the aggregate is from the lower mountains region of North 

Carolina and is comprised mostly of Gneiss, Chlorite, and Amphibolite. The blended 

aggregate is highly angular with 100% crushed faces on the coarse aggregate and an 

uncompacted fines void content of 50.8%. The aggregate contains relatively little deleterious 

material, and most of the aggregates are cubical. The full mixture is comprised of five 

different stockpiles; 43% 78-M aggregate, 27% dry screenings, 29% washed screenings, and 

1% bag house fines. The combined gradation of this stockpile is shown in Figure 3.1; note 

that the sub-75 mm gradation, shown as an inset in the figure, was determined using the 
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hydrometer method given in ASTM D422. This mixture uses a PG 64-22 asphalt binder from 

Associated Asphalt in Inman, South Carolina. Additional mixture information is also 

provided in Table 3.1.  

 

 
Figure 3.1. Primary mixture gradation. 
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Table 3.1. Summary of Primary Mixture Properties 

Sieve Size 

(mm)  

% Passing 

  

Miscellaneous Properties Total 

Mix  
Mastic 

25.4 100   
Total Asphalt Content (%) 5.9 

19.0 100   

12.5 100   
Mix Flat and Elongated (%) 1.6 

9.5 96   

4.75 66   Mix Fine Aggregate 

Angularity (%) 
50.8 

2.36 48   

1.18 37   
Sand Equivalency (%) 82 

0.6 30   

0.3 21   
Filler Compacted Voids (%) 33.2 

0.15 11   

0.075 5.8 100 
Filler Uncompacted Voids (%) 65.3 

Determined by ASTM D422 

0.030 3.3 57 

Gsb 

12.5 mm ï 0.600 mm 2.808 

0.023 2.9 50 0.300 mm - 0.075 mm 2.861 

0.017 2.1 36 Filler 2.862 

0.0077 1.2 21 

Gse 

12.5 mm ï 0.600 mm 2.823 

0.0038 0.9 15 0.300 mm - 0.075 mm 2.877 

0.0029 0.6 10 Filler 2.878 

0.0013 0.4 7.0 Gb 1.033 

 

The aggregates for the secondary mixture are from the piedmont region of North 

Carolina and are Porphyritic Granite. The blended aggregate is highly angular with 100% 

crushed faces on the coarse aggregate and an uncompacted fines void content of 46.4%. The 

aggregate contains relatively little deleterious material, and most of the aggregates are 

cubical. The full mixture is comprised of five different stockpiles; 23% #67 aggregate, 36% 

78-M aggregate, 24.5% dry screenings, 15% sand, and 1.5% bag house fines. The combined 

gradation of this stockpile is shown in Figure 3.1. This mixture uses a PG 64-22 asphalt 

binder from the NuStar terminal in Charlotte, North Carolina. Additional mixture 

information is also provided in Table 3.2.  
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Figure 3.2. Secondary mixture gradation. 
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Table 3.2. Summary of Secondary Mixture Properties 

Sieve Size 

(mm)  

% Passing 

  

Miscellaneous Properties Total 

Mix  
Mastic 

25.4 100   
Total Asphalt Content (%) 4.5 

19.0 98   

12.5 88   
Mix Flat and Elongated (%) 0.1 

9.5 78   

4.75 51   Mix Fine Aggregate 

Angularity (%) 
46.4 

2.36 38   

1.18 29   
Sand Equivalency (%) 62.2 

0.6 20   

0.3 11   
Filler Compacted Voids (%) 38.6 

0.15 7.0   

0.075 5.1 100 
Filler Uncompacted Voids (%) 71.8 

Determined by ASTM D422 

0.030 3.0 59.5 

Gsb 

19.0 mm ï 1.18 mm 2.676 

0.025 2.7 53.1 0.600 mm - 0.075 mm 2.659 

0.020 2.5 48.4 Filler 2.706 

0.013 1.9 37.3 

Gse 

19.0 mm ï 1.18 mm 2.704 

0.0063 1.3 26.2 0.600 mm - 0.075 mm 2.687 

0.0038 0.89 17.5 Filler 2.735 

0.0013 0.53 10.3 Gb 1.034 

 

In the subsequent sections, the procedures used to fabricate and test the materials at different 

scales are presented. Table 3.3 and Table 3.4 summarize the test materials and also present 

the naming convention adopted for this study. 

3.2 Sample Preparation 

3.2.1 Mixture  

Mixture specimens were prepared in the laboratory using standard procedures (Kim et 

al. 2009a) and compacted in the Superpave Gyratory compactor to a height of 178 mm and a 

diameter of 150 mm. For this research, an exception was made to the Kim et al. procedure by 

short term oven aging the mixtures for two hours at the compaction temperature instead of 
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four hours at 135°C. This change was made to maintain consistency with maximum specific 

gravity measurements taken previously with these mixtures (Jadoun 2011). Mixture test 

specimens were cored and cut from these gyratory specimens to obtain, to the degree 

possible, a uniform material. The test specimens had a final diameter of 75 mm, a final height 

of 150 mm, and an air void content of 4 ± 0.5%.  

Some mixture data presented in this document were not gathered by the author 

following the above protocol. These data were taken from previously completed studies at 

NCSU. Specific differences include the use of 135°C aging for four hours and differences in 

final specimen geometry. The geometries used for this supplementary test data varied and are 

discussed in detail later in this chapter. 

3.2.2 FAM  

FAM materials with three different maximum aggregate sizes have been tested with 

the primary mixture, coarse FAM (C-FAM), fine FAM (F-FAM), and very fine FAM (VF-

FAM). The C-FAM consisted of aggregates passing the 2.36 mm (#8) sieve, the F-FAM was 

comprised of aggregates passing the 1.18 mm (#16) sieve, and the VF-FAM included only 

those aggregates passing the 0.60 mm (#30) sieve. In the secondary mixture, only the F-FAM 

has been tested, and the reasons for this decision are discussed later in this document. Tests 

have been conducted at different asphalt binder and air void contents within these limiting 

maximum aggregate sizes. All of the FAM test conditions are summarized for the S9.5B and 

I19.0C mixtures in Table 3.3 and Table 3.4 respectively. The exact volumetric composition 

of these materials is given in Appendix A. 
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Table 3.3. Test Conditions and Designations for Primary Mixture 

Material 
Blend 

Ratio 

Fractional Compaction 

(%) 

Asphalt Content by 

Mass (%) 
Air Void (%) 

Binder and Mastic 

UA
1
 0 ï 100 ï 

AA
2
 0 ï 100 ï 

MS10 0.100 0.15 76.3 ï 

MS20 0.200 0.30 58.9 ï 

MS255 0.255 0.38 51.4 ï 

MS26 0.261 0.39 50.4 ï 

MS30 0.300 0.45 45.6 ï 

MS40 0.400 0.60 35.1 ï 

MS50
3
 0.500 0.75 26.5 1.5 

MS52
3
 0.520 0.78 25.0 2.8 

MS55
3
 0.550 0.82 22.8 4.3 

MS60
3
 0.600 0.90 19.5 

3.0 

4.0 

5.5 

6.7 

10.4 

C-FAM 

FLH 0.340 1.09 8.27 9.1 

FMH 0.300 1.05 9.70 9.1 

FMM 0.300 1.08 9.70 6.5 

FML 0.300 1.10 9.70 4.5 

FHH 0.261 1.01 11.16 9.1 

FHM 0.261 1.04 11.16 6.5 

F-FAM 

FF1 0.261 1.03 14.7 5.5 

VF-FAM 

VFCL 0.200 1.10 11.6 12.4 

VFCL-HV 0.200 1.02 11.6 19.4 

VFCM 0.261 1.07 8.5 21.0 

VFFM 0.261 0.98 15.6 4.4 

VFFH 0.320 1.02 12.2 9.5 

VF-A 0.255 1.06 16.5 3.3 

VF-B3 0.255 1.02 15.2 3.9 

VF-B7 0.255 0.97 15.2 7.8 

VF-C3 0.255 1.09 13.2 4.5 

VF-C7 0.255 1.05 13.2 8.0 

Mixture 

MX1 0.255 1.13 5.9 4 
1
 UA = un-aged asphalt 

2
 AA = aged asphalt 

3
 mastic samples tested with FAM geometry (12 mm x 45 mm) 
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Table 3.4. Test Conditions and Designations for Secondary Mixture 

Material 
Blend 

Ratio 

Fractional Compaction 

(%) 

Asphalt Content by 

Mass (%) 
Air Void (%) 

Binder and Mastic 

MS19-AA
1
 0 ï 100 ï 

MS19-10 0.100 0.16 77.5 ï 

MS19-20 0.200 0.33 60.5 ï 

MS19-309 0.309 0.50 46.2 ï 

MS19-40 0.400 0.65 36.6 ï 

MS19-50
2
 0.500 0.81 27.9 0.2 

MS19-55
2
 0.550 0.87 24.1 3.2 

MS19-60
2
 0.600 0.92 20.6 5.8 

Fine FAM 

FF19-A0 0.309 0.96 13.1 1.9 

FF19-A4 0.309 0.95 13.1 3.7 

FF19-B5 0.309 0.99 11.7 5.0 

FF19-B9 0.309 0.96 11.7 8.2 

Mixture 

MX19 ï ï 4.5 4.4 
1
 AA = aged asphalt 

2
 mastic samples tested with FAM geometry (12 mm x 45 mm) 

 

The FAM samples were fabricated using the basic technique used by Zollinger (2005). 

In this method, approximately 4000 g of FAM materials are mixed using a standard 

laboratory planar mixer, short-term aged at the compaction temperature for two hours, and 

compacted using the Superpave gyratory compactor (150 mm diameter). After the specimen 

cools, 12 mm diameter test specimens are extracted by coring and then cut to the test height 

of 45 mm using a small tile saw. In total, 24 such cores can be obtained from a single 

gyratory specimen. The 24 test cores are obtained at three different radii from the specimen 

center (14 cores at a radius of 60 mm, 8 cores at a radius of 37.5 mm, and 2 cores at a radius 

of 15 mm). After study of the air void distribution within the gyratory specimens, it was 

found that the C-FAM material exhibited a slight gradient across the gyratory specimen 

radius, but the effect was small. Nevertheless, most experiments were conducted only on the 

14 outer cores to ensure consistency. Through trial and error it was found that a mostly 

uniform air void distribution could be obtained along the specimen height by fabricating the 

gyratory specimen to a height of 95 mm.  



 

 

 

 

 

41 

The air void contents chosen for this study are based upon approximations and 

assumptions for the air void distribution within an asphalt concrete mixture. For example, if 

it is given that 4% of a total mixture is air, and then if it is assumed that all of this air exists 

in the FAM phase and that the R-FAM in the mixture has a maximum aggregate size of 2.36 

mm, then the FAM air void should be between 7 and 9%. Other assumptions regarding the 

air void content of the FAM, i.e., that it holds 75%, 50%, etc. of the total air; result in varying 

air void contents of the FAM samples. 

3.2.3 Mastic 

As defined earlier, mastic is the combination of aggregate particles finer than 75 mm 

and asphalt binder. To quantify the volume of aggregates within the asphalt mastic a 

volumetric concentration, termed the blend ratio, BR, has been defined.  

075

075 be

V
BR

V V
=

+
 (3.1) 

where 

BR = blend ratio, 

Vfiller = volume of solid filler particles + volume of voids in aggregate not filled with 

asphalt, 

Vbe = effective volume of asphalt binder. 

 

All of the mastics used in this study were fabricated in the laboratory using either a 

small handheld electric mixer (for BR of 0.4 or less) or a standard laboratory planar mixer 

(for BR of 0.4 or more). In both cases, mixing was performed for 1~2 minutes until the 

material was well blended and homogeneous in appearance. The mastic and binder samples 

were spread as evenly as possible into a pan and aged for two hours at the compaction 

temperature to maintain consistency with the FAM and mixture fabrication processes. After 

aging, the materials were removed from the oven and re-mixed by hand to overcome any 



 

 

 

 

 

42 

phase separation that may have occurred during aging. Finally, samples were poured into 

sample tins for storage until testing. 

For preparing test samples, the sample tins were reheated until the mastics became 

fluid, mixed again by rod stirring, and then poured into 8 mm diameter silicone molds. This 

process worked well for materials with a BR of 0.4 or less and yielded maximum covariance 

values (standard deviation normalized by the magnitude) of approximately 5% at all test 

conditions. This magnitude of covariance can be compared to the covariance of 2% to 4% 

specified for asphalt binders in ASTM D7175. Due to the fluidity of the samples, it was 

assumed that all low concentration mastics contained 0% air. 

Mastics with a BR of 0.5 or more could not be poured, so a specially designed mold 

was fabricated to create test ingots via impact compaction. Volumetric calculations were 

used to compute the mass of the material needed to yield 0% air voids for the given ingot 

volume (8 mm diameter by 3 mm height). It was not possible to confirm that the final 

specimen did in fact contain 0% air, but it is likely that they did not. The test variability for 

these high-blend ratio samples was greater than for the pure asphalt binder and low-blend 

ratio mastics (covariance of approximately 13%). At first this variability was compensated 

for by testing more specimens (5 or 6 versus 2 or 3 for the low BR samples). However, in the 

end the ingot sized, high blend ratio samples were discarded from future studies due to high 

variability and a lack of adhesion to the testing plates. Instead, the high concentration mastics 

were fabricated with the same geometry as the FAM (12 mm diameter by 45 mm tall). For 

these samples another specially fabricated mold was filled with the pre-determined mass of 

mastic, heated, and then compacted by pressing with a constant rate. With this geometry and 

compaction method, the air void contents could be measured and were found to vary between 

approximately 1.5% and 4% depending upon the actual BR. Trials to reduce this air void 

content to 0% were not successful. For the MS60 material from the S9.5B mixture, a 

systematic study of the air void effect was conducted and the study air voids ranged from 3% 

to 10.4%. 
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3.3 Mechanical Test Methods 

3.3.1 Mixture  

3.3.1.1 General Procedures 

Mixture samples were tested using a closed loop servo-hydraulic testing machine. 

The experiments performed specifically for this study were tension tests and thus samples 

were glued to hardened steel end plates and mounted to customized fixtures (Kim et al. 

2009a). In each test, the on-specimen deformation was measured using four loose-core linear 

variable displacement transducers (LVDTs) 90° apart, and the radial deformation was 

measured using four spring-actuated LVDTs at 90° intervals (this alignment means that the 

radial LVDTs were 45° from the axial LVDTs). The spring-actuated LVDTs were held in 

place at the specimen mid-height by a specially designed jig. Load and deformation 

measurements were recorded during each test and stored for further analysis. An image of the 

typical specimen set-up is shown in Figure 3.3.  

As noted earlier, supplementary data has been included in this document from tests 

that followed a slightly different protocol from that in the preceding paragraph. In all of these 

tests, except impact resonance, samples were instrumented with LVDTs. In the case of axial 

and triaxial tests, only axial measurements were taken. For the biaxial tests, measurements of 

the vertical and horizontal deformations were taken on both the front and back face of the test 

specimen. Axial mechanical tests and impact resonance tests were conducted on 100 mm 

diameter by 150 mm tall samples whilst indirect tension tests were carried out on specimens 

150 mm in diameter and 38 mm thick. The test geometries for the axial specimens were 

established based on a combined numerical and empirical experience so as to reduce the 

influence of end-effects on the measured responses (Witczak et al. 2000, Kim and Chehab 

2004) whereas the indirect tension geometry was determined to ensure that plane stress 

conditions existed. Finally, unless otherwise noted, the experimental data presented in this 

document were all gathered on asphalt concrete mixtures compacted using the Superpave 

gyratory compactor and specimens compacted to a nominal air void content of 4.5 ï 3.5%. 
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Figure 3.3. Typical experimental setup for mixture tensile test. 

 

3.3.1.2 Temperature and Frequency Sweep Test 

One of the most direct methods for determining the LVE properties of any material, 

and asphalt concrete in particular, is the temperature and frequency sweep test, more 

commonly referred to as the dynamic modulus test. In this experiment a test sample is 

subjected to sinusoidal or haver-sinusoidal loading at a fixed load level and frequency, for a 

fixed number of cycles, and at a fixed temperature. Testing is performed at multiple 

temperatures and multiple frequencies (with rest periods in between) to compile a set of 

moduli. A typical test sequence may be to condition a sample to -10°C and then subject that 

sample to 200 cycles of 25 Hz loading, a 5 minute rest period, 200 more cycles at 10 Hz, 

another 5 minute rest period, and then repetitions of this pattern, but with varying number of 

cyclic repetitions at 5, 1, 0.5, and 0.1 Hz. Following these cycles the temperature would be 
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changed to 5°C and the process repeated until all necessary test temperatures were analyzed. 

The basic process is published in the standard AASHTO Protocol TP-62.  

The primary material response functions of interest are the axial dynamic modulus 

(|E*|) and phase angle (f). Radial deformations may be measured and used to compute 

Poissonôs ratio as a function of temperature and frequency, which can then be used to predict 

the mixture |G*| using standard mechanics principles (Tschoegl 1989). Tests performed on 

the control mix were conducted at -10°, 5°, 20°, 40°, and 54°C, at frequencies of 25, 10, 5, 1, 

0.5, and 0.1 Hz, and with peak-to-peak strain targets of approximately 60 me. These control 

mix tests were done in the zero-mean stress (e.g., tension-compression) mode. 

The comprehensive evaluation of the mixture characteristic LVE behaviors that is 

presented in Chapter 5 makes use of axial, biaxial and triaxial loading modes. A summary of 

all of the tests conducted as part of this comprehensive evaluation is shown in Table 3.5. In 

this table it should be noted that the smallest geometry samples are part of a study on the 

anisotropic properties of asphalt concrete and as a result samples have been cored from 

gyratory compacted specimens in either the vertical (V) or horizontal (H) direction. More 

details on these particular samples can be found elsewhere (Underwood et al. 2005). 

When performing this test, it is important to adhere to the Standard Experimental 

Protocol. In the case of asphalt concrete the standard protocols given by AASHTO TP 62 

and TP 79 as well as the findings from Gibson (2006) suggest that as long as one maintains a 

peak-to-peak strain amplitude of any single test temperature and frequency combination to 

between 50-150 me and that one maintains the total accumulated compressive strain to less 

than approximately 5000 me that the standard is met. However, it is the experience of the 

author that this protocol is not strict enough and may allow for other mechanisms (damage, 

viscoplasticity, etc.) to become important. Instead the author proposes that the appropriate 

Standard Experimental Protocol limits the total peak-to-peak strain amplitude to 50-75 me 

and the total tensile strain amplitude to less than 25-37.5 me. The total amount of 

accumulated compressive microstrains should be less than 1500. It is not clear what the limit 
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on the total accumulated tensile strain is to meet this protocol, but it should be substantially 

less than 1500 me and is likely on the order of a tenth of that allowed for compressive strains, 

e.g., 150 me. For this document, all experiments have met this stricter Standard Experimental 

Protocol unless explicitly noted.  

 

Table 3.5. Summary of Tests Performed for Current Study 

Test Method Mode 
Temp. 

(°C) 
Freq. (Hz) 

Confining 

Pressure (kPa) 

Geometry (d x h) 

(mm) 
References 

Temperature 

and 

Frequency 

Sweep 

Tension-

Compression 

-10 - 54 
25, 10, 5, 

1, 0.5, 0.1 
0 and 500 

75 x 150 
Kim et al. 2009a, Hou 

et al. 2010 

75 x 90 (H) 
Underwood et al. 2005 

75 x 90 (V) 

Compression 

Only 

100 x 150 
Kim et al. 2009a, Kim 

et al. 2005a 

75 x 90 (H) 
Underwood et al. 2005 

75 x 90 (V) 

Indirect 

Tension 
-10 - 35 

25, 10, 5, 

1, 0.5, 0.1, 

0.05, 0.01 

0 150 x 38 Kim et al. 2005a 

Impact 

Resonance 
N/A 5 - 60 

10,000 - 

5,000 
0 75 x 150 

Kweon and Kim 2006, 

Lacroix et al. 2009 

Repeated 

Stress Sweep 

Tension-

Compression 
19 10 0 75 x 150 N/A 

Loading History   

Loading Group  Blocks 
Steps in a  

Block 

Peak-to-Peak Microstrain Number of Cycles Per 

Step Smallest Largest 

1 

5 16 20 

100 

20 

2 170 

3 230 

4 370 

5 550 

* H = horizontally core from gyratory specimen, V = vertically cored from gyratory specimen 

 

Axial and Triaxial Loading Mode: In the axial mode of loading a test sample is loaded along 

the axial, or long axis direction. Two basic loading histories are used for such testing; 1) a 

zero-maximum stress (compression only) and 2) a zero-mean stress (tension-compression) 

loading. The axial load and on-specimen axial deformation are recorded and used to compute 

the stress and strain magnitudes which are then used to compute the |E*| and phase angle, f. 
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Both loading modes are performed at peak-to-peak strain amplitudes of 50-75 me. In the case 

of the zero-mean stress test, half of this occurs in tension and half occurs in compression so 

that the Standard Experimental Protocol is met. Tests may be performed under an all-around 

confining pressure (triaxial condition) or at atmospheric pressure (unconfined). Typically, 

tests are run for temperatures ranging from -10°C to 54°C. The most common method 

utilized in practice is the zero-maximum stress mode since the zero-mean stress test requires 

gluing the sample to end plates. The advantage of the zero-mean stress test is that permanent 

deformation is minimized and thus it is more likely that linear-viscoelastic limits are not 

exceeded; however, as it will be shown if the zero-maximum stress follows the 

aforementioned Standard Experimental Protocol this potential shortcoming can be overcome. 

 

Indirect Tension Mode: In the indirect tension (IDT) mode of loading a cylindrical test 

sample 38 mm in thickness and 150 mm in diameter is compressed along its diametrical axis. 

This applied compressive load induces a tensile stress along the axis perpendicular to the 

loading direction thus producing a biaxial stress state. The elastic based stress distribution for 

this state of loading was derived by Hondros (1959) and extended to the viscoelastic problem 

via the elastic-viscoelastic correspondence principle (Zhang 1997 and Kim et al. 2005a). In 

short, measurements are taken of the vertical and horizontal deformation on both the front 

and back face and along the central axes of the sample. These measurements are combined 

with those of the applied compressive force to calculate the sample |E*|. A potential 

limitation of this test is that at high temperatures, above approximately 35°C, the material 

becomes so soft that punching shear deformation becomes significant near the loading strips 

thus compromising the reliability of the computed |E*|. As a result of this effect and in order 

to meet the Standard Experimental Protocol, IDT tests are only conducted to a maximum 

temperature of 35°C.  

3.3.1.3 Impact Resonance Tests 

Another technique for measuring the LVE properties of an asphalt concrete mixture is 

the impact resonance (IR) method. In this technique, a test specimen is placed atop a foam 
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base so that it may freely vibrate and so that it obeys the assumptions of a free-free resonant 

column as defined by ASTM C215. A piezo-electric accelerometer is attached to one end of 

the sample while an impact is made at the other end. This impact produces longitudinal 

vibrations which the accelerometer measures. The dominant frequency (resonant frequency) 

can be identified through Fourier analysis of this signal and used with the well-established 

relationship between modulus, phase velocity, and density to compute the LVE storage 

modulus, Eǋ. The Fourier frequency spectrum can be further analyzed by using the half-

power bandwidth method to determine the f, which can in turn be combined with the Eǋ 

value to compute the |E*|. This test method is typically performed at multiple temperatures so 

that a range of |E*| values can be obtained. The significance of this experiment is the 

extremely low strain magnitudes to which the sample is exposed and the non-mechanical 

nature by which the |E*| is measured. 

3.3.1.4 Controlled Crosshead Displacement Fatigue Test 

The controlled crosshead (CX) test (sometimes referred to as a controlled actuator 

displacement test) was performed to study the fatigue behaviors of asphalt concrete and to 

characterize the continuum damage fatigue model. This test protocol is performed in lieu of a 

true controlled on-specimen strain test because such a test is difficult to perform and can 

easily damage the equipment if done improperly. In this test, a cyclic tensile crosshead 

movement at some constant level is programmed into the loading machine. Due to machine 

compliance issues, the actual on-specimen strain is significantly less than the programmed 

level and is not constant throughout the loading, as shown in Figure 3.4. Even though the on-

specimen strain remains tensile, the stress transitions to a zero mean condition as the 

permanent strain growth stabilizes.  

Note that these tests result in a mixed mode of loading that is neither controlled stress 

nor controlled strain. Some researchers have proposed systems that allow users to perform 

true controlled strain tests of cylindrical specimens (Christensen and Bonaquist 2006). 

However, these researchers often do not allow the test to run to complete failure, nor do they 
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report on the very specific details of the control process and the true on-specimen responses. 

In this study, the CX protocol tests are performed to complete failure.  

 

 
Figure 3.4. Schematic response of CX fatigue test. 

 

3.3.1.5 Controlled Stress Fatigue Test 

The so-called controlled stress (CS) protocol (actually a controlled force experiment, 

and referred to as a controlled stress test following the industry convention) applies tension 

only, i.e., haversine loading at a fixed level. This tension loading results in the development 

of significant permanent strain, which is shown in Figure 3.5. Like the CX test, the CS 

protocol is performed to gain insight into the fatigue behavior of asphalt concrete and also to 

characterize the continuum damage model. Failure in these experiments is quite abrupt and 

care should be taken not to damage the measurement equipment. As such this protocol is less 

desirable for fatigue characterization than the CX protocol. 
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3.3.1.6 Constant Rate Tension Test 

A final mixture damage protocol is the constant actuator rate tension test, or 

monotonic test. In these tests, the loading machine actuator displaces at a constant rate until 

the specimen fails. Due to machine compliance issues, this test does not produce a constant 

rate of on-specimen strain, but this shortcoming is overcome by ensuring that the actual on-

specimen deformation is measured and used for analysis. The crosshead rates and 

temperatures necessary for characterization are given elsewhere (Underwood et al. 2006), but 

in general, at 5°C they are between 1 x 10
-5

 and 5 x 10
-5

 e/s for unmodified mixtures and 1 x 

10
-4

 and 5 x 10
-4 e/s for mixtures with polymer-modified binders.  

 

 
Figure 3.5. Schematic response of CS fatigue test. 

 

3.3.1.7 Repeated Strain Sweep Tests 

A strain sweep experiment is one in which a test sample is loaded at a fixed frequency 

and temperature, but with incrementally increasing strain levels. The strain increments are 

pre-determined and usually follow either a linear or logarithmic increase. At each of these 
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increments of strain, a fixed number of cycles are applied before the next strain level occurs. 

In a repeated strain sweep (RSS) experiment, a given stress sweep block is repeated multiple 

times, five repetitions for this study. Following the final loading block, the strain increments 

are refigured and the process is repeated again. Each subsequent refiguring of strain 

increments are considered to be a unique loading group and multiple loading groups 

constitute a RSS test. The test is schematically represented in Figure 3.6, and the explicit 

loading history used is summarized in Table 3.5. Loading groups and loading blocks are 

repeated as quickly as possible to avoid any confounding effects of healing. 

 

 
Figure 3.6. Repeated strain sweep loading history schematic. 

 

3.3.2 FAM and Mastic Testing 

3.3.2.1 FAM General Procedures 

FAM experiments were performed using a TA Instruments AR-G2 rheometer. Data 

analysis software provided by the manufacturer was used to collect and analyze the data. In 
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addition to this software a standalone Labview application was developed so that the raw 

torque and displacement data could be acquired and stored. All FAM samples were glued to 

plates that were machined to match the AR-G2 torsional cylinder testing fixture. Samples 

were glued approximately 24 hours prior to testing so that the glue would fully cure. A 

picture of the typical FAM test setup is shown in Figure 3.7. 

 

 
Figure 3.7. Typical experimental setup for FAM test. 

 

3.3.2.2 Mastic General Procedures 

Mastic experiments were also performed using the AR-G2 rheometer. Binder and 

mastics with BR less than 0.4 were tested using an 8 mm parallel plate geometry with a 

testing gap of 2 mm. Trials at using this geometry with higher BR produced high variability 

and questionable results. Parallel plate testing requires the development of self-adhesion 

between the sample and plates. At high BR the asphalt content is so low that the material is 

not as inherently adhesive as it is as lower BR. In each binder and mastic test with the parallel 

AR-G2 Motor

Environmental 

Chamber

Test Sample

AR-G2 Base

AR-G2 Motor

Environmental 

Chamber

Test Sample

AR-G2 Base



 

 

 

 

 

53 

plate, samples were seated at a gap larger than the final test gap and allowed to rest at a 

temperature of 70°C for at least 5 minutes before setting the final gap (2 mm). This period of 

time allowed full adhesion to develop between the specimen and the end plates for binder 

and low BR materials. The adhesion for higher BR materials appeared to be sufficient, but 

was noticeably less than the other materials. In addition, the inherent material stiffness at the 

high BRs made trimming the sample more difficult. The reduced adhesion, trimming 

difficulties, and aforementioned difficulty in controlling void contents are believed to be the 

cause for the higher variability in parallel plate testing with high BR materials. As a result of 

these difficulties the parallel plate geometry was abandoned for high BR materials and 

instead these materials were tested by using the torsional cylinder configuration. In this 

configuration the same test preparations used for FAM samples were followed. A picture of 

the typical parallel plate mastic test setup is shown in Figure 3.8. 

 

 
Figure 3.8. Typical experimental setup for parallel plate mastic test. 
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3.3.2.3 Stress or Strain Sweep Test 

It is often recommended that one perform a stress or strain sweep experiment to 

determine the levels to which the LVE properties can be reliably determined. In this 

experiment, the temperature and frequency are fixed and the input amplitude is increased in a 

step-wise manner, cf. Figure 3.9(a). At each amplitude, the |G*| value is computed and a 

cross-plot of |G*| versus amplitude developed. It is typically the case that this plot is 

developed in logarithmic space, and an example is shown in Figure 3.9(b). When the |G*| 

values deviate from the constant value by more than 5% then it is said that the LVE limit has 

been exceeded.  

 

 
Figure 3.9. Stress/strain sweep test schematic; (a) input history and (b) response plot. 

 

3.3.2.4 Temperature and Frequency Sweep Tests 

Temperature and frequency sweep tests on FAM and mastic were slightly different 

than those performed on mixture. Like the mixture experiments, FAM and mastic tests were 

conducted at a fixed temperature, but the specific loading history was different. In these 

frequency sweep tests the strain magnitude was constant for a specific temperature and 

approximately 5-20 cycles were applied at each frequency. There was no rest period between 

frequencies. A previous internal investigation showed that this no-rest loading history yielded 

the same results as the stricter, rest period between loadings, protocol and so the no-rest 

protocol was adopted. This type of loading history is also the typical method used in 

rheology and by others when assessing the LVE properties of asphalt binder. The test 
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frequencies were the same for all materials (14, 6.5, 3, 1.4, 0.65, 0.3, 0.14, and 0.1 Hz) 

specific test temperatures evaluated varied as shown below. The primary material response 

functions of interest are the |G*| and d. 

  

¶ C-FAM = 14°, 23°, 38°, and 55°C 

¶ F-FAM (S9.5B) = 10°, 20°, 35°, and 50°C 

¶ F-FAM (I19.0C)  = 10°, 20°, 35°, and 54°C (or 45°C) 

¶ VF-FAM = 10°, 20°, 35°, and 54°C  

¶ Binder  = 10°, 16°, 19°, 25°, and 40°C 

¶ Mastic (parallel plate) = 10°, 16°, 19°, 25°, 40°, and 54°C 

¶ Mastic (torsional cylinder) =  13°, 22°, 37°, and 55°C  

 

In general the mastic tests were performed at a peak-to-peak strain target of 

approximately 200 me, which was determined by performing strain sweep experiments on 

separate specimens to ensure that the tests remained in the materialôs LVE range. A few 

separate tests at strain magnitudes as high as 6000 me and as low as 60 me were also 

performed to confirm the strain effect at both the high and low blend concentrations. The 

FAM tests were performed at various peak-to-peak strain magnitudes ranging from 60 me to 

720 me. Multiple magnitudes were assessed because in trial strain sweep testing it was 

observed that deviation from a constant |G*| value occurred at low magnitudes of strain. In 

addition, it was estimated that when the mixture is subjected to 60 peak-to-peak me that the 

strains in the FAM phase could be higher, 420 me or more (Kose et al. 2000, Masad et al. 

2001). 

3.3.2.5 Controlled Stain Fatigue Tests 

Controlled strain tests were performed on mastic materials to assess the fatigue 

properties and characterize a continuum damage model. Samples are subjected to a fully 

reversed constant shear strain sinusoidal loading. These tests are conducted at 10°, 14°, or 
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19°C; a frequency of 10 Hz; and variable strain magnitudes. For these tests the independent 

raw data acquisition is used for data analysis. 

3.3.2.6 Controlled Stress Tests 

Controlled stress tests were performed on both mastic and FAM materials. Two 

different types of controlled stress tests are performed; a fully reversed loading and a forward 

only loading. In some cases the loading history is interrupted by rest periods of some 

duration. The primary purpose of these experiments is to evaluate the extended elastic-

viscoelastic correspondence principle as it applies to FAM and mastic. However, the fully 

reversed loading is also used as a damage characterization protocol for FAM materials. Like 

the controlled strain fatigue test, these tests are performed at a fixed temperature and 

frequency and the independent raw data acquisition is used for data analysis. 

3.3.2.7 Constant Rate Shear Test 

A limited number of constant rate shear tests were performed on both mastic and 

asphalt binder. In these tests a target constant rate of shear strain is applied to the sample 

until a specified strain level at which point the loading ceases. The AR-G2 is a stress based 

rheometer, and so the target strain magnitude is achieved by continually adjusting the applied 

stress magnitude. Since this control is not perfect, the actual achieved strain rate is not 

actually constant. However, during these tests, the standalone data acquisition system was 

used to monitor the actual on-specimen stress and strain response. Tests were conducted in a 

cluster of three test rates starting at the fastest and going to the slowest. After each rate a 10 

second rest period was applied, but the stress and strain response were monitored during this 

time.  

3.3.2.8 Relaxation Modulus Test 

A relaxation test was performed on asphalt binder and some selected asphalt mastics. 

Tests were conducted at a temperature of 10°C, a strain magnitude of 0.02% strain, and for a 

period of approximately 300 seconds. For the asphalt binder, an additional test was also 
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carried out at 20°C, 0.02% strain, and for only 15 seconds. Data was gathered with the 

standalone data acquisition system for further analysis. 

3.3.2.9 Direct Tension Tests 

Like the monotonic tests performed on full asphalt concrete mixture, direct tension 

tests were also carried out on FAM materials. The test for FAM is the same as that for the 

mix except the machine configuration is different and the rates applied are slightly different. 

In this study tests were only carried out at 10°C and at rates between 0.6902 and 0.015 e/s. A 

picture of the test set-up is shown in Figure 3.10. The same type of machine used for 

monotonic tests on mixture was also used to test these smaller geometry FAM samples. 

However, when performing these tests, the actuator was controlled with a smaller servo-

valve (5 gallon per minute versus 10 gallon per minute) and load cell with lower capacity 

(500 lb. versus 5000 lb.) to ensure acceptable signal to noise ratios.  Unlike all other FAM 

tests, these samples were instrumented with two LVDTs approximately 180° apart. 

 

 
Figure 3.10. Typical direct tension test setup for FAM materials. 
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3.4 Void Content Test Methods 

For quantification of the void content and structure of the aggregate skeleton within 

an asphalt concrete mixture, it is important to quantify the void characteristics at the different 

length scales. Some standard tests and slightly modified standard tests are used to quantify 

these characteristics. In the following sections, the test methods that are used in this process 

are summarized.  

3.4.1 Rigdenôs Voids Test 

The Rigdenôs voids test was first proposed by P.J. Rigden (1947) as a means to assess 

the dry compacted voids content, e.g., Rigden voids, of mineral filler. This test method is not 

standardized in the United States but is a part of the European Union standard aggregate 

assessment protocol (EN 1097-4:2008). In this test, a small sample of filler is placed into a 

specially designed apparatus, the Rigdenôs apparatus. The sample is then compacted by 

mechanical action and the total compacted volume determined. The void content can be 

easily found since the density and mass of the filler is known and the volume of the orifice in 

which the sample is compacted can be calculated. The Rigden voids value is often cited in 

the literature and is typically used to denote the maximum volume packing configuration of 

the filler, Cv,max, in the equations presented in Section 2.4. Unfortunately because the test is 

not a part of standard United States protocol, local vendors do not sell the apparatus and 

importing one from overseas was prohibitively expensive. Instead an alternative procedure, 

which has been shown to give quantifiably similar values for void content was used. 

3.4.2 Kerosene Test 

The kerosene voids test is an alternative to the Rigden voids method. In this test, an 

approximately 20 gram sample of filler is first placed into a hemispherical bowl. One to three 

drops of kerosene is introduced to the middle of this bowl using a marked burette. These 

kerosene droplets form a small wetted ball. The bowl is shaken with circular movements 
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until the ball no longer picks up any filler. At this point another few drops of kerosene are 

added to the wetted bowl and the circular shaking continues. This process of building a 

wetted ball continues until all of the filler has been picked up. The volume of kerosene 

needed to fully compact the filler is found from the burette. The compacted voids content can 

be determined via Equation (3.2) since the mass and density of the filler are known and the 

volume of added kerosene is measured via the burette. 
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where 

% Voidk = kerosene void content, 

Vk =  volume of kerosene added (mL),  

M075 =  mass of filler sample (gram), 

Gsb =  specific gravity of filler, and 

rwater =  density of water (1 gram / cm
3
). 

 

The kerosene method has been reported to yield similar values to those measured by 

the Rigden apparatus (R
2 
of 0.96) (Heukelom 1965, Grabwoski and Wilanowicz 2008), and 

for the purposes of this document are treated as equivalent to the Rigden voids. 

3.4.3 Compacted Voids Content 

AASHTO T 19 specifies a method by which to determine the compacted voids 

content of an aggregate. In this process a container of know or calibrated volume is first 

obtained. Aggregates are then introduced to this container so that it is approximately one 

third full and then the aggregates are rodded 25 times. This process is repeated two more 

times with the final fill being overfull. After the final rodding is complete the aggregates are 

leveled to the top of the container being careful not to unnecessarily dislodge surface 
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particles. The void content is then calculated by using Equation (3.3). In this testing, the ratio 

of maximum aggregate size to container dimensions suggested by AASHTO T 19 is followed. 
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where 

% Voidc = dry compacted void content, 

Magg =  mass of dry compacted aggregate (gram),  

Vcontainer =  volume of container (mL), 

Gsb =  specific gravity of aggregate, and 

rwater =  density of water (0.998 gram / cm
3
). 

3.4.4 Loose Voids Content 

The standard method for determining the uncompacted void content of aggregate is 

AASHTO T 304. This protocol covers the determination for only the fine aggregates (smaller 

than 2.36 mm), but has been generalized for determining the void content of all aggregate 

types. In the standard protocol a specific mass of fine aggregate is loaded into an inverted jar 

with a bottom orifice approximately 12.7 mm in diameter. The bottom of this orifice is 

approximately 115 mm from the top of a calibrated container approximately 100 mL in 

volume. To perform a test, a user pours the sample into the inverted jar and stops the opening 

with their finger. When the entire sample is loaded, the user removes their finger and allows 

the sample to fall into the container under only the forces of gravity. After the entire sample 

is drained the sample is leveled to the top of the container and the mass determined. Equation 

(3.4) is then used to compute the loose void content.  
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where 

% Voidl = dry compacted void content, and 

rwater =  density of water (1 gram / cm
3
). 

 

The standard method for uncompacted void content of coarse aggregates is given in 

AASHTO T 326. In this protocol the same basic process used for fine aggregates is followed 

with the exception that the container used is much larger. Care is taken when pouring the 

loose aggregate into the container to maintain a distance of approximately 115 mm to the top 

of the container. 
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Chapter 4 

Evaluation of Microstructural Configuration 

of Asphalt Concrete  

4.1 Introduction 

As noted in the literature review, it is important for multiscale modeling purposes that 

the various material length scales assembled for experiments properly replicate the scales as 

they exist in the asphalt concrete mixture. This criterion is less important in the case of 

material level assessments since in those cases, the primary goal is to rank different materials. 

Material ranking is generally less sensitive to the specific mixing parameters adopted. The 

literature review clearly showed that no consensus exists as to the state of mastic within an 

asphalt concrete mixture and also that no direct justification for the size limit in FAM exists. 

In this chapter, data gathered from a series of independent studies and analyses are presented 

that shed some light on this subject.  

4.2 Volumetric Average Calculation of Mastic Concentration 

Volumetrically speaking there exists only a single average mastic concentration for 

any given asphalt concrete mixture. This value of this concentration is dependent upon the 

gradation of the asphalt mixture, the densities of the aggregate particles and asphalt binder, 

and the absorptive characteristics of the aggregate. The steps and equations needed to 
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calculate the volumetric concentration begin with knowing the mixture gradation. From this 

gradation the total mass of absorbed asphalt can be calculated using Equation (4.1). Note that 

this equation assumes a total aggregate mass of 100 grams. 
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where 

Mba = total mass of absorbed asphalt in mixture (grams), 

Mba,i = mass of absorbed asphalt for aggregate retained on sieve i (grams),  

Pi+ 1 = percentage passing the sieve size immediately larger than the current sieve 

size, 

Pi = percentage passing the current sieve size, 

Gsb,i = bulk-specific gravity of aggregate size i, 

Gse,i = effective specific gravity of aggregate size i, and 

Gb = specific gravity of binder. 

 

The Gsb values are typically reported by stockpile type and not by size, so it must be 

assumed that each aggregate size within a given stockpile has the same Gsb value. The Gse is 

known only for the combined aggregate gradation because it must be calculated once an 

asphalt concrete mixture is fabricated. Here, it is assumed that the ratio of Gse to Gsb is 

constant for all the aggregates. Keep in mind that although the Gsb and Gse of each stockpile 

are fixed, the relative amount of each stockpile for a given aggregate size is different, and 

thus, the blended Gsb and Gse for any given aggregate size will differ slightly. 

At this point, the mass of absorbed asphalt has been calculated for a 100 gram 

aggregate sample. To find the proper mastic concentration, the total asphalt mast must also 

be found. This mass can be estimated via Equation (4.2) because the asphalt content of the 

mixture is known from the mix design, and because it is assumed that the total aggregate 

mass is 100 grams. 
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100*%
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where 

Mb = total asphalt mass (grams), and 

%AC = asphalt content by total mixture mass (given). 

 

After combining Equation (4.1) and Equation (4.2), the total effective asphalt mass, 

Mbe, can be calculated by Equation (4.3), and the effective asphalt volume, Vbe, can be 

calculated by Equation (4.4).  
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Since the total aggregate mass is assumed to be 100 grams, the mass of particles smaller than 

75 mm (#200 sieve), M075, is given by the percentage passing the #200 sieve, P075, Equation 

(4.5). 

075 075M P=  (4.5) 

The volume of these filler-sized particles, V075, in cm
3
 is found by dividing their mass by the 

bulk density, Equation (4.6). This volume is then combined with the Vbe from Equation (4.4) 

to find the average volumetric concentration of mastic for the mix, Equation (3.1). 
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For the study mixtures, it is found that the average volumetric concentration of the S9.5B 

mixture is 25.5% (BR = 0.255) while it is equal to 30.9% (BR = 0.309) for the I19.0C mixture. 

It remains to be shown that this average volumetric concentration exists with little spatial 

variation within the mixture, but this phenomenon will be explained in subsequent sections. 
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4.3 Direct Microstructure Evaluation Studies 

4.3.1 Sieved Ignition Study 

4.3.1.1 Experimental Method 

AASHTO test method T 308 describes a procedure to determine the asphalt content 

of a mixture by subjecting a sample to extremely high temperatures so that the asphalt burns 

away from the aggregate. This test is commonly referred to as the ignition oven test to 

determine asphalt content. A modified form of the standard ignition oven test, called a sieved 

ignition test, has been developed and used to investigate the composition of asphalt concrete. 

For the sieved ignition test, a sample of asphalt concrete mix is prepared in the standard way 

at the design asphalt content. Afterwards, the sample is placed into a flat pan and stirred by 

hand as it cools so that individual particles do not stick together as in AASHTO T 209.  

 Once the sample has cooled completely, it is placed on top of a 2.36 mm (#8) sieve 

and agitated by a laboratory shaker for five minutes. The material retained on the sieve is 

designated as the coarse fraction, and the material that passes the sieve is designated as the 

fine fraction. Mass measurements of these two fractions are taken, and then the two 

components are placed separately into the ignition oven to determine the asphalt content of 

each fraction. After the asphalt has burned from the samples, the material is carefully 

removed from the oven, cooled, and then the mass weights are determined so that the asphalt 

content of the two fractions can be calculated. In the case of the fine fraction, a sieve analysis 

is performed immediately. However, before performing such an analysis on the coarse 

fraction, the material is carefully separated into three different subfractions. These 

subfractions are denoted as Coarse 1, Coarse 2, and Coarse 3. Coarse 1 consists mostly of 

NMSA sized aggregate, Coarse 2 consists mostly of the aggregate size immediately smaller 

than the NMSA, and Coarse 3 consists of everything else. When subdividing the coarse 

fraction, a pair of large tweezers is used to extract individual particles without disturbing the 

surface of the particle or other nearby particles. The post-ignition mass and gradation of each 

of these fractions is measured. A summary of the measurements taken is shown in Table 4.1. 
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It should be noted that during the development of this experiment, care was taken to account 

for the amount of aggregate burn-off that occurred. It was found that for this particular 

aggregate source, the amount of burn-off was negligible. It was also found that subjecting the 

aggregates to high heat does not cause deterioration or a change in gradation. 

 

Table 4.1. Summary of Measurements Taken in Sieved Ignition Study 

Fraction 
Sub-

Fraction 

Maximum Nominal 

Aggregate Size (mm) 

Measurements Taken 

Pre-Ignition 

Mass 

Post-Ignition 

Mass 
Gradation 

Coarse 

Coarse 1 9.5 
P 

(combined) 
P 

(combined) 

P 

Coarse 2 4.75 P 

Coarse 3 2.36 P 

Fine -- 1.18  P  P P 

 

4.3.1.2 Results 

The sieved ignition test has been carried out on only the S9.5B mixture and the first 

observation made from these tests was the visual appearance of the post-ignition sample. 

Before the ignition process, it was believed that many of the particles, particularly the 

coarsest particles (because they were easiest to see), were coated with a film of asphalt binder. 

These samples were black in appearance and appeared mostly uniform in texture. However, 

after the ignition process it was found that in fact these aggregate particles were coated with a 

layer of finer aggregate particles and binder. Figure 4.1(a) shows a photograph of a typical 

coarse fraction sample before the ignition process was performed and Figure 4.1(b) shows a 

photograph of the same sample immediately after ignition. For comparison purposes Figure 

4.1(c) shows the same aggregate mix (different sample) that was only dry mixed together. In 

Figure 4.1(b) it can be observed that the surface texture of the post-ignition samples is rough 

in appearance. This rough texture is a consequence of  the fines blanket coating each coarse 

particle. It should be noted that while only the aggregates in the Coarse 1 sub-fraction are 

shown in this figure, the same observations hold for all sizes.  
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Figure 4.1. Aggregate surface characteristics: (a) coarse particles before ignition; (b) coarse 

particles after ignition without disturbing; and (c) dry mixing of graded aggregates. 

 

A close-up image of 4 randomly selected coarse aggregate particles is shown in 

Figure 4.2 and Figure 4.3. The particles shown are all retained on the 9.5 mm sieve, but the 

actual particles are not the same in the two figures. In Figure 4.2, the aggregate particles are 

shown as they might appear before the mixing process and in Figure 4.3 the aggregate 

particles are shown as they appear after performing the ignition test. Note that the aggregates 

mineralogical composition is such that the aggregate color varies from translucent/white 

(quartz-like) to a mixture of black and gray. The fines blanket, which coats the aggregates in 

Figure 4.3 is bound to the coarse particles. It is believed that this bond results from two 

sources; static bond and a hydrodynamic suction induced by the evaporation of the asphalt 

cement. A similar bond was found to occur when the aggregates were wetted with water (at 

similar volumetric concentrations as the asphalt binder case) and dried by the ignition oven 

method. When the aggregate particles were individually picked from the mass and gently 

shaken, the blanket did not dislodge or shed in any noticeable way. Upon dropping the 

(a) (b)

(c)
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aggregate particles from an approximate height of six inches a moderate amount of the 

blanket bond was broken in random locations. Similar amounts of material were removed 

from the aggregate surface by tapping the aggregate particle with a small diameter stainless 

steel rod. The strength of this bond is contrasted with that formed when only dry mixing the 

aggregates, Figure 4.1(c). In this case, fine particles on the surface of the coarse aggregates 

generally fall off with only a gentle shake. The bond between the coarse aggregate and fines 

blanket does break down by the repeated mechanical agitation of sieving. Figure 4.4 shows 

how this sieving was capable of separating the Coarse 2 sub-fraction from a sieved ignition 

test sample. Since these bonds do breakdown by sieving, it is still possible to individually 

determine the gradations of each fraction and sub-fraction from the sieved ignition test. 

 

 
Figure 4.2. Surface characteristics of 4 randomly selected coarse aggregate before mixing 

process. 

 

(a) (b)

(c) (d)
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Figure 4.3. Surface characteristics of 4 randomly selected coarse aggregate after mixing and 

ignition test. 

 

 

(a) (b)

(c) (d)
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Figure 4.4. Effect of mechanical sieving on fines blanket bond; (a) before sieving close-up 

and (b) after sieving. 

 

The average gradation of the different fractions and sub-fractions from the sieved 

ignition tests are shown in Figure 4.5 along with the average total gradation. First, it is seen 

that the initial fractionation of the asphalt coated particles across the 2.36 mm sieve does not 

completely separate the material into coarse and FAM components. In fact, the coarse 

fraction contains a substantial amount of FAM-sized particles. The FAM-sized particles had 

either agglomerated during the mixing so as to act effectively as larger particles, or in the 

case of the very fine particles, had adhered to the larger aggregates. The gap in the gradations 

of the Coarse 1 and Coarse 2 subfractions indicates that the fines blanket coating the coarse 

particles does not include particles larger than 600 mm or 300 mm (i.e., smaller than the #30 

or #50 sieve). It is believed that this gradation is a fairly accurate representation of the 

material as it exists in the mixture, but the data should be biased slightly to underestimate the 

largest aggregate size, because it is possible that larger particles that initially stick to the 

coarse aggregate fall off during the ignition process due to their self-weight. Nevertheless, 

this observation suggests a divide at approximately the 600 mm to 300 mm size and that for 

(a)

(b)
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sizes greater than these, the effects of the aggregate particles on the ultimate properties of the 

asphalt concrete mixture may differ fundamentally.  

Based on the measured masses, it is found that for the study mixture the asphalt 

contents of the coarse and fine fractions are 9.1% and 4.9%, respectively. However, as the 

gradation data suggest, these percentages cannot be used alone to judge the volumetric 

content of the FAM because the coarse fraction is found to contain a substantial amount of 

FAM material. Instead, the data will  be used to help justify the hypothesis presented in 

Section 4.5. 

 

 
Figure 4.5. Gradation of sieved ignition samples. 

 

4.3.2 Digital Microscopy Study 

The surface morphology of mastics at different volumetric concentrations, coated 

aggregate particles, and extracted FAM material are examined to gain insight into the 

characteristic mastic within an asphalt concrete mixture. In this study a simple digital 
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microscope with analog zoom capabilities is utilized as shown in Figure 4.6. This microscope 

has the capability to zoom up to 200 times but the zoom and focus is a single unit and as a 

result the scale is not automatically computed. Instead, an approximate method was 

developed to determine the size of imaged particles and this process is discussed before 

presenting the experimental findings.  

 

 
Figure 4.6. Digital microscope used to study surface morphology of coated and uncoated 

aggregate particle. 

 

4.3.2.1 Magnification Calibration 

To determine the approximate magnification, and thus establish an approximate scale 

for each microscopy image, a sample of 50/70 Ottawa testing sand was placed beneath the 

digital microscope. This material is specified to have round particles 100% of which pass the 

#50 sieve (0.3 mm) and no more than 2% of which pass the #70 sieve (0.212 mm). Thus it is 

assumed that the average size of the imaged particles is 0.256 mm.  

The Ottawa sand was sprinkled onto a sheet of white paper and five microscopic 

images were taken at approximately the same magnification used for the morphological 
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characterization. Three to four individual particles were included in each image. An example 

of one such image is shown in Figure 4.7 where the individual particles are outlined with an 

artificial black line. Image J software was then used to best fit each individual particle to an 

ellipse. The width and height (in pixels) of each ellipse was recorded. It was then assumed 

that the average longest dimension of these ellipses was equal to 0.256 mm, thus establishing 

the approximate real magnification (approx. 150 times) and scale (551.76 pixels/mm). 

 

 
Figure 4.7. Example digital microscopy image of Ottawa 50/70 sand. 

 

4.3.2.2 Surface Morphology of Mastics 

Mastic samples were prepared for imaging by smearing each in a relatively thin layer 

onto a piece of white paper. Imaging results of these samples are shown in Figure 4.8 where 

a clear change in the morphology with increasing volumetric concentration is observed. The 

asphalt binder is found to be glossy and smooth and varies in color from black to brown 

depending on the thickness of the film. Between the pure asphalt binder and the 0.20 BR, 

shown in Figure 4.8 (b), little change is evident in the glossiness, but the surface is less 

smooth and more leathery. At a BR of 0.30 the surface has lost some of the glossiness, and 
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discrete bumps in the surface texture are observed. These bumps are the filler particles near 

the surface. Between the BR of 0.30 and the BR of 0.40 the material maintains glossiness, but 

the surface is now more bumpy than smooth. Between the BR of 0.40 and the BR of 0.50 the 

material transitions from glossy to dull with a still greater surface texture forming. Even 

though this condition contains an almost equal volume of particles and binder, the material 

now looks to be an agglomeration of individually coated particles instead of one where the 

particles are floating in a matrix of asphalt. Finally, at a BR equal to 0.60, clear particulate 

formations are visible, and the material looks similar to a sand asphalt mixture viewed 

without magnification. 



 

 

 

 

 

75 

 
Figure 4.8. Microscopy images of mastics with different concentrations; (a) binder, (b) BR = 

0.20, (c) BR = 0.30, (d) BR = 0.40, (e) BR = 0.55, and (f) BR = 0.60. 
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4.3.2.3 Surface Morphology of Asphalt Coated Aggregate Particles 

The surface morphology of coated coarse particles and interstitial FAM were 

examined. Both types of samples were extracted from a compacted asphalt concrete 

specimen, as shown in Figure 4.9. To extract the coarse samples, a small torch was used to 

heat the area around the particle. Then, a small X-acto knife was used to carefully pry the 

aggregate from the specimen. Care was taken in this process not to overheat the aggregate 

and thereby burn off any of the asphalt coating. Since FAM materials are generally more 

sensitive to a microtorch, the mixture specimen was first heated in an oven at 60°C until soft 

(approximately 20-30 minutes). Next, an X-acto knife was used to carefully cut the FAM 

from between the coarse aggregate particles. After extraction, both the coarse particles and 

the FAM were placed on a piece of white paper and images were taken with the digital 

microscope. 

 

 
Figure 4.9. Photograph of asphalt concrete mixture showing FAM areas and coarse particles 

for microscopy study. 

 

Microscopic images of different coated coarse aggregate particles are shown in 

Figure 4.10. In these images, it is found that the aggregates are completely coated in a film of 

material and that this film varies in thickness. Thickness variation is inferred by differences 
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in the color of the coating. The underlying aggregates are white to gray in color and so areas 

coated with a thinner film are also lighter in color. It cannot be determined with certainty 

whether these observed areas are the result of the particle extraction procedure, or they 

represent real differences in the film thickness within the compacted sample. It is noted, 

however; that a limited number of images taken of uncompacted particles (i.e., coated sieved 

ignition samples) showed a more uniform coating.   

The microscopic images show that the film that coats these coarse particles is glossy 

and somewhat bumpy in texture. This description would seemingly indicate that the mastic 

that exists around the coarse particles is not highly concentrated but also is not of very low 

concentration; i.e., the BR is between 0.40 and 0.30. However, surface texture should not be 

used to suggest a lower bound volumetric concentration because, as the sieved ignition 

particle images show, these particles may be coated with a mixture of asphalt binder and fine 

particles (larger than 75 mm but smaller than 300 to 600 mm). An increase in the number of 

fine particles may cause an overall reduction in glossiness and an increase in the surface 

texture. Better insight into this possibility is gained by removing the asphalt from the surface 

and re-examining the morphology. 

After the coarse aggregate particles were imaged, the asphalt binder was removed by 

heating the particles with a torch. This process is effectively the same as burning the samples 

in the ignition oven, but at a much smaller scale. After removing the asphalt from the coarse 

aggregates, the aggregates were carefully placed onto white paper and imaged with the 

digital microscope. Typical results are shown in Figure 4.11. It is observed that a blanket of 

fines coats the coarse aggregate particles. This blanket contains a gradation of fine aggregate 

particles from mastic sized up to approximately 600 mm (#30) or 300 mm (#50) size. This 

observation is similar to the one made during the sieved ignition study.  
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Figure 4.10. Surface morphology of various coarse aggregate particles in a compacted 

mixture. 
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Figure 4.11. Surface morphology of various fines blankets coating coarse aggregate particles. 

 

Next, the blanket was removed from the coarse particle by tapping the particles with 

enough force to remove the blanket from the coarse particle. This force was not strong 

enough to break the fines blanket apart suggesting that the bond between this blanket and the 

coarse particle was not as strong as the bonds holding the blanket together. The blanket was 

then broken apart and imaged to determine its composition. These images are shown in 

Figure 4.12, where it is seen that this blanket contains particles that range in size from the 

filler to #50 size stone. A different tool is used to quantify this gradation more explicitly and 

this method is discussed in Section 4.3.4. 
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Figure 4.12. Variation in aggregate sizes within coarse aggregate fines blanket. 

 

Typical findings from images of the FAM materials are presented in Figure 4.13. In 

this case, the surfaces are found to be shiny, but with a more textured appearance indicative 

of a BR closer to 0.4. However, these materials contain a higher percentage of near mastic 

sized aggregates, which could be contributing to the surface texture changes. Images of these 

materials after removing the asphalt binder by micro-torching are not shown because they 

provide no additional insights from those gained by torching the coarse aggregate particles. 

The agglomerations of fines generally remain together until mechanically induced to break 

apart. Visually, no conclusive differences in the characteristics of these agglomerations and 

the fines blanket coating the coarse particles are noted. 
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Figure 4.13. Surface morphology of FAM materials in a compacted mixture. 

 

4.3.3 Scanning Electron Microscopy (SEM) Study 

The digital microscopy study provides some useful qualitative morphological 

comparisons between the coating in asphalt concrete mixtures and different mastic materials. 

However, it does not yield insight into the makeup of the aggregate coating nor the spatial 

distribution of that material. A SEM imaging experiment has been conducted to visualize the 

composition of the aggregate coating and to better understand the mixtureôs microstructure. 

All scanned images were obtained using the Hitachi S-3200N SEM in environmental mode. 

Imaging in the environmental mode means that samples do not need to be covered in a 

conductive coating. It also means that imaging is done using backscattered electrons, which 

are detected with a Robinson backscatter detector. Through trial and error, it was found that 

successful images could be gathered at a vacuum level of 140 kPa, an accelerating voltage of 

20 kV, and a beam current setting of 50.  

Two types of samples were imaged using the SEM: images of an asphalt mixture 

failure surface were taken and images of the failure surfaces of asphalt mastics at different 

volumetric concentrations. Attempts to image nonfailure surfaces of the mastic samples did 

not lead to consistent results due to surface contamination through handling and the tendency 
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of the asphalt binder to migrate to the surface during sample preparation. Images of the 

failure surfaces, however, clearly show the internal structure with only minimal errors. 

A typical result from the mixture imaging is shown in Figure 4.14. Images of these 

failure surfaces show some fine aggregates (outlined in the figure), but show mostly binder 

and filler-sized particles (i.e., mastic). The images also show some topological variation, 

which is a result of the surface characteristics and structure of the coarse aggregates 

underneath the mastic. These topological characteristics make direct investigation of the 

mastic composition impossible from these images. Nevertheless, some qualitative 

conclusions can be drawn by comparing the mixture failure surface images to those from the 

different mastics, which are shown in Figure 4.15. 

 

 
Figure 4.14. SEM image of asphalt concrete failure surface. 
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Figure 4.15. SEM images of asphalt mastics at; (a) BR = 0.10, (b) BR = 0.20, (c) BR = 0.30, 

(d) BR = 0.40, and (e) BR = 0.50. 
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The mastic images show a clear morphological evolution as the filler concentration is 

increased. At the lowest concentration, 10%, a highly dispersed pattern of filler particles is 

observed. At approximately 30% concentration, particle spacing is reduced significantly, and 

one can imagine substantial particle interaction (although perhaps not through contact 

mechanisms) occurring. This evolution continues at 40% where now it appears that a not so 

insignificant amount of particle contact is occurring. As a result, one would expect a drastic 

change in the mechanistic properties within this range of volumetric concentration, and in 

fact, experimental data shown in this dissertation and presented elsewhere (Rigden 1947, 

Heukelom 1965, Faheem and Bahia 2009) support such a rapid change. At the 50% filler 

concentration level, particle contact is now clearly evident as is structuring within the mastic. 

Upon closer inspection, a mixture-like structuring with smaller particles filling in gaps 

between larger particles, etc. can be observed. 

Qualitative comparisons between the images in Figure 4.14 and Figure 4.15 suggest 

that the mastic in the asphalt concrete mixture is of the low concentration type (i.e., a BR 

somewhere between 0.20 and 0.30), which is consistent with the volumetric averaged 

concentration (BR = 0.255). This finding provides evidence that; (a) asphalt mastic does exist 

as a homogeneous phase within the asphalt mixture, and (b) the asphalt mastic can be 

represented as the volumetric averaged content. However, since this evidence is qualitative, it 

is not conclusive. 

4.3.4 Meso-Gravimetric+SEM Study 

The findings from the microscopy and SEM studies provide interesting insight into 

the way that mastic exists within an asphalt concrete mixture. They also show that the 

conceptual model of aggregate particles coated in a uniform film of asphalt binder may have 

certain flaws. Unfortunately, this study provides only qualitative data regarding these 

microstructural configurations. Quantification of the microstructural characteristics was 

achieved in the sieved ignition study, but these data were gathered for a large amount of 

material and provide no insight into the potential spatial variations within an asphalt concrete 
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mixture. Furthermore, because the sieved ignition data were gathered for loose mix, any 

microstructural rearrangement due to compaction was not taken into account. These two 

factors may be important due to the heterogeneous microstructure of asphalt concrete. To 

address these shortcomings and gain more useful insight, a series of meso-gravimetric/SEM 

tests has been undertaken. 

4.3.4.1 Experimental Method 

Test samples for the meso-gravimetric/SEM experiments were obtained using the 

same procedures that were used to extract the coarse particles and FAM materials in the 

digital microscopy study. For these experiments, the mass of each sample was first 

determined to a high level of precision (approximately 1 x 10
-4

 grams). In the case of the 

coarse samples, the masses were generally around 1.0 gram (0.15 to 2 grams), whereas the 

FAM samples had a typical mass of 0.03 grams. After determining the as-extracted mass, the 

asphalt was removed by placing the samples into a convection-style furnace at a temperature 

similar to that reached in the ignition oven test. A convection-style furnace was used after it 

was found that the forced-draft ignition oven disturbed the samples too much and produced 

inconsistent results. After cooling, the masses were re-measured to find the asphalt content of 

each sample. To find the average mastic concentration in each meso-sample, the filler 

content must also be determined. A SEM-based analysis technique was developed for this 

purpose since the meso-samples were too small for mechanical sieving.  

The process of imaging the aggregate samples using the SEM was developed after 

trial and error and through consultations with SEM experts at North Carolina State 

University. The process begins by first placing three separate pieces of double-sided carbon 

tape (each approximately 10 mm long) onto a SEM stub holder. To obtain a representative 

amount of material from the burnt samples, they are first quartered on a sheet of Teflon 

coated with antistatic spray. The whole sample is spread onto the Teflon sheet by quickly 

flipping over a sample tin containing the material on top of the sheet. A razor blade is then 

used to quarter the sample, and opposite quarters are taken as representative of the whole. 

These two quarters then are combined, and if necessary, quartered again to reduce the sample 
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size further. The ideal sample size is approximately 0.01-0.02 gram, and when obtained, the 

sample is evenly spread onto a sheet of plain white paper. The sample stud then is stamped 

over the spread-out test sample until most of the aggregate particles have adhered to the tape. 

In the case of the I19.0C mix, this stamping was a two-step process. The coarsest particles in 

the meso-samples for this material were so large that when they adhered to the tape, they 

prevented the pickup of the finest particles. So when stamping the I19.0C meso-samples, the 

coarsest particles were carefully pushed aside before stamping. After the finest particles had 

been picked up on the stub, it was re-stamped across the coarse particles. Afterwards, the 

sample stub is placed into the SEM and readied for imaging. 

Through trial and error it was found that a consistent measure of gradation can be 

obtained by taking eight different images for each of the three different pieces of carbon tape 

and averaging the results. These eight images were taken so that they represent the overall 

condition of the material that adheres to the particular piece of tape being scanned. After 

acquiring and storing the scans, the images are processed by first removing the information 

bar at the bottom of the image and any carbon tape artifacts using Adobe Photoshop. Next, 

the images are processed using Image J software, which has the ability to analyze images and 

determine the 2-D characteristics of individual particles. Specific quantities of interest 

include the area, the maximum caliper dimensions (Feret diameter), and the minimum caliper 

dimensions. Figure 4.16 shows a schematic diagram of the image processing steps.  

The 2-D particle characteristics are converted to a 3-D particle gradation through 

proper stereological methods and with calibration from a scanned sample of known gradation 

(Pirard et al. 2004, Gupta and Yan 2006). It is presumed that the aggregate particle volumes, 

V, are proportional to the projected area, A, according to;  

yV xA= , (4.7) 

where, x and y are fitting factors. This relationship is calibrated by using images scanned 

from a sample of known gradation. Once known, the particleôs effective height, h, is 
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estimated by dividing this volume by the area. To place the aggregate particles into the 

proper sieving bin the following criteria have been adopted: 

1. If two out of three measurements (MaxCaliper, MinCaliper, and h) are smaller than 

the sieve openings, then the particle passes that size. 

2. If the smallest dimension is less than the sieve diagonal openings minus the next 

smallest dimension, then the particle passes that size. That is, an aggregate particle 

might pass through the sieve by aligning along the diagonal of an individual opening. 

No probability functions (to account for friction or stuck particles, for example) are 

associated with these criteria; whenever one or both are met, then an aggregate passes the 

size of interest. The results of the calibration procedure are shown in Figure 4.16 (e) for the 

calibration set and for three separate verification trials. 
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Figure 4.16. Summary of image processing for meso-gravimetric study; (a) raw image, (b) 

remove artifacts and information bar, (c) convert image to binary, (d) determine 2-D particle 

properties, and (e) calculate 3-D distribution. 
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4.3.4.2 Meso-Gravimetric Results 

In total, 20 samples (11 coarse particles and 9 FAM samples) have been processed for 

the primary mixture. For each sample, the asphalt and filler contents were measured and used 

to find the volumetric concentration of the mastic. The compiled results are shown in Figure 

4.17. These data support the findings from the previous experiments that suggest mastic 

exists in a low volumetric concentration form. None of the samples taken show that mastic 

exists in a high volumetric concentration form. The range lies between 20% and 36%, with 

the majority of samples between 23% and 32%. Thus, it is reasonable to suggest that the 

volumetrically averaged mastic concentration (accounting for absorption) is an appropriate 

content for experimental studies.  

The gradation results from the coarse and FAM samples are summarized in Figure 

4.18. To reduce clutter in this figure, only the high and low bands of the measured gradations 

are shown. The gradation bands are separated based on the FAM and coarse particle samples. 

The first key observation is that in both sample sets, no particles larger than 1.18 mm are 

found. In addition, only 3 of the 11 samples are found to contain sizes larger than 600 mm, 

which suggests that experimental studies with the primary mixture FAM should be limited in 

size to particles passing the 600 mm sieve (#30 sieve). Like the sieved ignition samples, 

gradations from the coarse particles show that a substantial amount of FAM-sized and filler-

sized particles have adhered to the coarse aggregate.  
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Figure 4.17. Variation in volumetric concentration of filler within mastic as determined from 

meso-gravimetric/SEM study on S9.5B mixture. 

 

 
Figure 4.18. Gradation of meso-gravimetric/SEM samples from S9.5B mixture. 
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The gradation of the coarse particle coatings is similar to that of the FAM samples, 

and given the variability, the differences may be statistically insignificant. However, the 

mean gradation of the coarse samples is slightly finer than that of the FAM samples. Because 

the coarse samples contain maximum sizes that are in agreement with the FAM samples, it is 

reckoned that the coatings on the coarse particles are an extension of the FAM that exists 

between the coarse particles. The fact that the average gradation of the coarse coatings is 

slightly finer than the interparticulate samples may indicate that the FAM is not entirely 

uniform and that a slight gradient exists throughout the total FAM volume. This finding may 

also suggest that upscaling from the FAM phase to the mixture alone may not be as 

successful at yielding useful physical information as a path that upscales from mastic to FAM 

to mix. Use of a single FAM in the modeling when a nonuniform FAM exists might mean 

that certain mechanisms must be smeared into the modeling framework. This issue is slightly 

different than any smearing that must occur due to the range in gradations within the FAM 

and coarse series shown in Figure 4.18. In short, if the gradient issue exists, then it introduces 

a systematic bias, whereas the local variation in gradation is random and can be accounted 

for by using a proper homogenization procedure. Upscaling from mastic would afford the 

opportunity to account for this systematic bias, but it would still be necessary to quantify the 

extent of the effect, which is not a trivial issue. Thus, although it is observed that the coarse 

particle coating is slightly finer than the interparticulate FAM, as a first approximation it is 

reasonable to assume that the FAM is uniform throughout the mixture. 

The range in gradation and BR shown in Figure 4.17 and Figure 4.18 affected the 

FAM mix designs evaluated in the mechanical experiments discussed in Chapter 7. From 

Table 3.3, it can be observed that a total of 10 different VF-FAM materials were evaluated, 

and of these five were based on the BR and gradation data in these figures: VFCL and VFCL-

HV (coarse gradation and low BR at different void contents), VFCM (coarse gradation and 

medium BR), VFFM (fine gradation and medium BR), and VFFH (fine gradation and high 

BR). A full factorial of BR and gradation was not evaluated because some combinations were 

impossible to fabricate. For example, a coarse gradation with high BR did not contain enough 
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asphalt binder to compact together whilst a fine gradation with low BR material was too fluid 

to handle with the gyratory compaction. The other VF-FAM materials were motivated by 

different reasons, which are discussed in Section 4.5. 

A follow-up experiment was initiated with the secondary mixture to determine 

whether or not the limiting size of 600 mm is consistent for all mixtures or is unique to the 

9.5 mm NMSA type. Meso-gravimetric experiments were carried out for the secondary 

mixture, and the results are shown in Figure 4.19 and Figure 4.20. It should be recalled that 

the volumetrically averaged mastic content of this mixture is 30.9%. These data demonstrate 

that the use of the volumetrically averaged mastic concentration is a valid hypothesis and 

supports its universal application to dense-graded hot mix asphalt mixtures. It is also found 

that the maximum aggregate size for the FAM materials in the 19.0 mm NMSA mixture is 

1.18 mm (#16 sieve). 

 

 
Figure 4.19. Variation in volumetric concentration of filler within mastic as determined from 

meso-gravimetric/SEM study of I19.0C mixture. 
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A NMSA-dependent FAM definition is intuitive based on packing principles, i.e., the 

Bailey method of gradation determination (Vavrik et al. 2001). To generalize these findings 

for mixtures of other NMSA, the coarse and FAM fractions for the two study mixtures are 

delineated at the Bailey methodôs fine aggregate initial break (FAIB) sieve. It therefore 

seems rational to choose the FAIB to define the maximum aggregate size for FAM materials 

for any gradation. Aggregate particles passing this sieve are considered to be part of the FAM 

phase (except filler-sized particles, as discussed later), and aggregate particles retained on 

this sieve are considered to be part of the coarse material phase. The FAIB sieves are 

summarized for different NMSA values in Table 4.2. 

 

 
Figure 4.20. Gradation of meso-gravimetric/SEM samples from I19.0C mixture. 
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Table 4.2. Summary of Maximum Aggregate Sizes for FAM for Various Mixture Types 

NMSA 

(mm) 

Maximum FAM 

Particle Size (mm) 

37.5 2.36 

25 1.18 

19 1.18 

12.5 0.6 

9.5 0.6 

4.75 0.3 

 

4.3.5 Void Content and Distribution Study 

Within an asphalt concrete mixture, the air void is generally considered to exist either 

within the FAM, between coarse aggregate particles, or between the FAM and coarse 

aggregate particles. The explicit determination of this distribution is heretofore unknown. 

Masad et al. (2006) examined the asphalt concrete microstructure of 12 different mixtures 

using X-ray computed tomography (CT). The air voids were idealized as circles whose 

diameter was such that the area of the true air void and the circle were identical. The results 

suggest that 50 percent of the total number of voids in an asphalt concrete mixture are less 

than 0.6-1 mm. This distribution, however, was based on the total number of voids and not 

the total volume (or area) of void space, and thus cannot be directly used here. In addition, 

this work was based upon images that were processed so that the total calculated void 

volume would match the measured void volume. The problem with such a procedure is that 

the CT images have resolution limitations and therefore cannot capture all of the voids. 

When these images are processed they are converted from gray-scale to black and white by 

setting a threshold limit. By setting this threshold to match the measured air void content, the 

voids that are captured in the CT scans are biased towards larger sizes (since voids smaller 

than the resolution of the scan are smeared into the scan results). The original images from 

Masadôs research are not available for review, but images captured from the Federal 

Highway Administration Accelerated Load Facility (FHWA ALF)  experiment are available. 

These images have been processed using different threshold values and the results have been 
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examined on the basis of two criteria: (a) what threshold visually appears to match the void 

boundaries and (b) what threshold value matches the measured void content. A typical set of 

black and white converted images for different threshold values are shown, along with the 

original gray scale image, in Figure 4.21.  Based on a review of several different images it 

was concluded that a threshold value of 20 best matched the visible air voids. This threshold 

is greater than one (one is pure black) because there is some bleed through and artifact effects 

near the void space edges. The relationship between threshold value and computed air void 

are shown in Figure 4.22. In this figure, measured air void values are shown as large dots and 

it is seen that the calculated and measured void values match at a threshold value between 

approximately 65 and 90.  

 



 

 

 

 

 

96 

 
Figure 4.21. Image conversion results with different threshold values; (a) original gray scale, 

(b) threshold = 1, (c) threshold = 10, (d) threshold = 75, (e) threshold = 125, and (f) threshold 

= 200. 
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Figure 4.22. Effect of threshold value on calculated void content for FHWA ALF test 

materials. 

 

When a threshold value of 20 is used, the calculated air void content is noticeably 

smaller than the measured air void content. The difference between the two quantities is 

believed to represent the air void volume held in the FAM. This air void cannot be explicitly 

observed because of resolution limitations (0.310 mm). Equations  (4.8) and (4.9) are used to 

calculate the air void content of the FAM and coarse phase portions of the samples 

respectively.  Then, the proportion of total air voids held within the FAM phase, VIF, is 

calculated via Equation (4.10).  
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where 

%AVFAM = air void content of FAM phase (as percentage of total FAM volume), 

%AVcoarse = air void content of coarse phase (as percentage of total coarse volume), 

%AVmeasured = measured air void content of samples (as percentage of total volume), 

%AVscanned = air void calculated from CT scans with a threshold of 20 (as percentage 

of total volume),  

%VFAM = volumetric content of FAM in total mixture, and 

%Vcoarse = volumetric content of coarse phase in total mixture. 

 

Note, that the %VFAM and %Vcoarse each include some of the mastic phase as is discussed in 

Section 4.5. 
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 (4.10) 

The findings from the five ALF lanes are summarized in Table 4.3. These images 

suggest that FAM should be fabricated such that it holds somewhere between 35% and 70% 

of the total air in the mixture. This range is broad, but does provide an initial target for 

experimental study with FAM materials. Table 4.4 presents a summary of target FAM air 

void contents for different overall mixture air void contents for both a 40% and a 70% air 

void distribution and for the S9.5B, I19.0C, and ALF mixtures. This table shows that the air 

void content for FAM samples must be calculated for each specific blend because it can vary 

quite substantially depending upon the specific volumetric composition of the given mixture. 
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Table 4.3. Air Void distribution in ALF CT Scans 

Lane %AVmeasured %AVscanned %AVFAM %AVcoarse VIF 

1 7.2 4.7 10.0 6.2 35.0 

2 7.9 4.4 14.6 5.8 48.1 

3 6.7 2.6 16.9 3.4 69.1 

4 5.7 2.4 13.6 3.2 63.0 

5 6.5 2.8 15.3 3.7 63.4 

 

Table 4.4. Air Void Contents for FAM Experiments for Different Materials and Air Void 

Distributions 

Total Mixture 

% AV 

% Air Distributed to FAM 

FHWA ALF S9.5B I19.0C 

40% 70% 40% 70% 40% 70% 

10 15.5 24.3 10.7 17.4 11.5 18.5 

9 14.0 22.2 9.7 15.8 10.4 16.8 

8 12.6 20.1 8.6 14.1 9.2 15.1 

7 11.1 17.9 7.5 12.5 8.1 13.3 

6 9.5 15.6 6.5 10.8 6.9 11.5 

5 8.0 13.2 5.4 9.1 5.8 9.7 

4 6.4 10.8 4.3 7.3 4.6 7.9 

3 4.9 8.2 3.2 5.5 3.5 5.9 

2 3.3 5.6 2.2 3.7 2.3 4.0 

 

4.4 Strain Distribution within Asphalt Concrete Mixture 

It is the general consensus that, rigorously speaking, the strains are not uniform 

throughout an asphalt concrete mixture (Weissman et al. 1999, Kose et al. 2000, Masad et al. 

2001, Masad and Somadevan 2002, You et al. 2011). The heterogeneous nature of these 

materials create areas where strains may be significantly lower than the bulk, i.e., within the 

aggregate particles, and areas that have strains significantly greater than the bulk, i.e., within 

the binder/mastic/FAM phases. This fact can be accounted for when developing constitutive 

models of the asphalt mixture by characterizing and applying the model only to large enough 

volumes that the heterogeneous strain distribution averages to a homogeneous one. This 

volume is known as the representative volume element and must be explicitly accounted for 
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when developing such mixture scale constitutive models (Hashin 1983). In the case of 

multiscale models, like the ones being discussed here, the magnitude of this inhomogeneous 

strain distribution must be known. When computational models are utilized, these strain 

distributions are implicitly known, but do depend on the constitutive models chosen to 

represent the different phases. In the case of analytical models, which rely on 

homogenization principles, an approximate or average sense of this strain distribution should 

be explicitly stated. Since the work presented in this dissertation makes use of the latter 

technique, a method to estimate the strains that exist within the FAM phase and the mastic 

phase is needed. The method adopted uses direct investigation of the asphalt concrete strain 

distribution during a constant rate tension test as well as data available in the literature from a 

constant rate compression test and from finite element based simulations (Masad et al. 2001).  

The experimental data was gathered with a digital image correlation (DIC) technique 

that allowed for the determination of point strains throughout a tested asphalt concrete 

specimen. The details of this type of testing are presented elsewhere (Masad et al. 2001, Seo 

2003). It should be pointed out that although the term point strain is used, it is in fact an 

average strain for an area with the size being a function of the resolution of the image and the 

speckle pattern used on the specimen. Based on these two criteria, the DIC images shown 

here allow for direct study of the FAM-to-mix strains only. A typical distribution of strain 

that might exist within an asphalt concrete specimen is shown in Figure 4.23. This figure also 

shows how the strains can be smaller at locations where aggregates exist and greater where 

FAM exists. Note that this example image is from a test on a notched sample. The test results 

discussed here are all gathered on non-notched samples. By analyzing DIC images, similar to 

those shown in Figure 4.23, the distribution of strains has been quantified for a tension 

experiment at 13°C and for compression loading at 40°C (Masad et al. 2001). In addition to 

these DIC images, finite element simulation results completed by Masad et al. (2001) have 

also been compiled.  
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Figure 4.23. Image mapping between; (a) DIC strain distribution and (b) aggregate structure 

(Seo 2004). 

 

The results of these three data sets are presented as a probability distribution in Figure 

4.24. The x-axis of this plot shows the ratio of strain for any given pixel to the mixture strain 

while the y-axis shows the percentage of pixels at that ratio. This plot includes all of the 

pixels taken in the image. Since the 13°C tension test was carried out at NCSU, a more 

thorough study found that only 65% of the total pixels were in the FAM phase and that the 

remaining 35% were in the aggregates. It was also found that these 65% showed the greatest 

strain values. This 65% rule has been applied to the Masad data to compute a FAM to mix 

strain ratio probability distribution function. The results are shown in Figure 4.25 where now 

the x-axis shows the ratio of FAM strain to mixture strain and it is found that the 

distributions follow a generally skewed pattern. The overall mean of this distribution is 

approximately seven while the median is close to five, but with some areas showing strain 

ratios as large as 20 times. In the end there is no right decision on which strain value to adopt 

as the representative value. In light of the fact that strain values can be quite large the central 
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tendency that is greater, i.e., the mean at seven, is adopted for modeling in this dissertation. It 

is expected that these strain ratios would evolve self-similarly as has been suggested 

elsewhere so that the representative mixture-to-mastic strain ratio (as mastic has been defined 

in this document) is 49, but with a value that may be as large as 400. This is a substantial 

range and may mean that accurately modeling certain types of phenomenon without the use 

of computational methods to explicitly account for the distribution of strains may not be 

possible. For instance, in the case of damage, the one small volume at a strain magnitude of 

400 may be the critical area that develops a crack, which then alters the strain distribution 

further, which in turn leads to another area that fails and so forth. When mixture simulations 

are performed at very low strain levels, it may be possible that homogenization principles can 

be adopted and adequately used to upscale the material. Such effects will be evaluated during 

Chapter 9.  

 

 
Figure 4.24. Strain distribution within asphalt concrete mixture.  
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Figure 4.25. Strain distribution within asphalt FAM.  

4.5 Microstructural Hypothesis Development 

Experimental evidence suggests that the basic functional unit within an asphalt 

concrete mixture is the mastic phase. Data from the SEM and meso-gravimetric/SEM studies 

suggest that it is reasonable to assume that this phase exists in the volumetrically averaged 

sense, taking into account of course the amount of absorbed asphalt. This structure appears to 

form during the mixing phase and does not seem to alter itself substantially during 

compaction. The question remains as to how this mastic phase distributes itself throughout 

the mixture. This question must be answered in at least an approximate way to develop the 

proper FAM fabrication conditions. Two hypotheses are suggested to idealize this 

distribution. In the first, the mastic is reckoned to coat only the FAM-sized particles. Then, it 

is theorized that these coated particles form a mortar that coats the coarse aggregate particles 

and fills in the interstitial volumes. In the second hypothesis, the mastic is assumed to coat 

both the FAM-sized and coarse particles. Some of these FAM-sized coated particles then 
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adhere to the coarse coated particles, whereas others agglomerate (through either mixing or 

compaction) to form larger volumes of FAM (i.e., the interstitial materials that were sampled 

in the SEM and meso-gravimetric studies). This latter hypothesis would explain the reason 

that the coarse samples in Figure 4.18 have a finer gradation than the FAM samples. 

Essentially, the coarse particles have the FAM mastic films in addition to their own mastic 

film, which would systematically add more filler to the total coating and make the total 

gradation finer. 

The relative merits of these two hypotheses can be assessed by using the 

measurements obtained from the sieved ignition tests. It is theorized that in both cases the 

mastic films coat the aggregate particles with a uniform thickness. Further, these aggregate 

particles are idealized as spherical particles with a diameter equal to the average of the 

particleôs two bounding sieves. The most commonly used method for computing asphalt film 

thickness is that given by the Asphalt Institute (1984). However, this method does not 

provide a true film thickness, but rather the ratio of particle surface area to effective binder 

volume (Stanton and Hveem 1934, Campen et al. 1959). The units of this ratio are consistent 

with thickness, but the method does not actively account for the fact that aggregate particles 

have a 3-D shape. The errors between the ratio and the true film thickness would be 

negligible if the aggregate particles were very flat. However, real aggregate particles are 

generally more sphere- or cube-like, and thus, the errors can be appreciable. A method to 

account for this effect was proposed by Radovskiy (2003), and a form of this procedure is 

adopted here.  

The volume of asphalt mastic within an asphalt concrete mixture must first be 

calculated from the parameters given in the job mix formula. This volume is nothing more 

than the total volume of effective asphalt and particles smaller than 75 mm, calculated 

previously using Equations (4.4) and (4.6). Explicitly, this volume is computed by Equation 

(4.11), where again it is assumed that the total aggregate mass (i.e., all aggregate sizes) is 100 

grams.  
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, 075mastic JMF beV V V= +  (4.11) 

It is assumed that the aggregate particles are coated in a uniform thickness. Based on the two 

hypotheses presented earlier, either all particles are coated or only the FAM-sized particles 

are coated. First, the number of particles of each size that exist in the 100 grams of aggregate 

must be determined, and Equation (4.12) presents the function that allows this calculation.  
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where 

Ni = total number of particles for the current sieve size, 

di+ 1 = sieve size opening for the sieve size immediately larger than the current sieve 

size (cm), 

di = sieve size opening for the current sieve size (cm), and 

rwater = density of water (1 g/cm
3
). 

 

Note that the particle size for a given sieve size is the average of that sieve size and the next 

larger size, and that the particles are assumed to be spherical. The volume of mastic that coats 

a single particle size, i, Vmastic,i, is given by Equation (4.13), where t is the thickness of the 

mastic film. 
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Combining Equations (4.12)  and (4.13) results in the total volume of mastic that coats all the 

aggregate particles, as given in Equation (4.14).  
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To maintain volumetric consistency, the volume of mastic in Equation (4.14) must be 

equal to the volume of mastic computed from the job mix formula, Equation (4.11). The film 

thickness is found by equating these two volumes. If it is assumed that the mastic uniformly 

coats only the FAM aggregate particles, it is found that the average mastic film thickness is 

25.23 mm. If it is assumed that the mastic uniformly coats all aggregate particles, then this 

average thickness is 22.31 mm.  

Each of these two hypotheses is evaluated for accuracy by using the measured values 

from the sieved ignition test. The film thickness that corresponds to the two hypotheses is 

used along with the other measurements taken during the sieved ignition study to predict the 

quantity of filler-sized particles and the quantity of asphalt binder for each fraction. These 

results are summarized in terms of the percentage of error between measured and predicted 

mass in Table 4.5. In this table it is seen that the second hypothesis performs better than the 

first for both sieved ignition tests. 

  

Table 4.5. Errors in the Measured and Predicted Asphalt and Filler Contents for the Sieved 

Ignition Tests 

Structural Hypothesis 

Test #1 Errors Test #2 Errors 

Fine 

Fraction 

Coarse 

Fraction 

Fine 

Fraction 

Coarse 

Fraction 

FAM Only Film 8.1 4.8 10.9 5.8 

All Aggregates Film 5.7 3.5 8.6 4.7 

 

The two hypotheses are also applied to the meso-gravimetric samples, and the results 

are plotted in Figure 4.26. Here it is seen that the second hypothesis is marginally better at 

predicting the asphalt content than the first hypothesis, although the R
2
 value increases 

substantially. A significant improvement in predictability is achieved by making the film 

thickness dependent on the size of the aggregate it is coating, as given in Equation (4.15). 

The parameters in this equation are calculated from the sieved ignition test, and they predict 

the meso-gravimetric samples quite well; cf. Figure 4.26. However, due to a lack of physical 

justification for such a proportional film thickness and due to the relatively small error when 
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applying the uniform thickness assumption to the sieved ignition test, the simpler assumption 

that mastic uniformly coats all aggregate particles is adopted. 

 

 
Figure 4.26. Comparison of measured and predicted asphalt mass in meso-gravimetric 

samples for different distributional hypotheses. 
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It should be stressed that the uniform mastic film thickness assumption is made in 

order to perform volumetric calculations and estimate the composition of the FAM. Direct 

evidence of asphalt concrete microstructure has seemingly refuted the concept of asphalt 

binder film thickness as a compositionally valid construct in asphalt mixture (Elseifi et al. 

2008). Similar experimental data has not been gathered to either support or refute the concept 

of a mastic film thickness, although the formal method proposed in (Radovskiy 2003) makes 

theoretical allowances for such a case. At this time, it is merely a construct through which the 

material is idealized and for this purpose, some data does exist to support its application. It is 
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most intuitive that aggregate films (be they binder or mastic), would exist in a uniform 

thickness. This idealization has been the common assumption since it was first proposed in 

(Campen et al. 1959). Throughout the literature there are a few instances where researchers 

have claimed that the film thickness, again if it is a proper concept, should be dependent on 

the aggregate size being coated. There are documented arguments for having film thicknesses 

which decrease with the aggregate size and for having thicknesses which increase with 

aggregate size (Roberts et al. 1996, Kandhal et al. 1998). In fact, Campen et al., through the 

discussion of their paper, raise this issue and point to the need for a more fundamental study 

by researchers to investigate these effects. A review of the literature shows that there appears 

to be no mechanism by which one can support the notion of film thickness within a mixture 

being proportional to the aggregate diameter. In truth, there is only slightly more support for 

the notion of a uniform film thickness on all particles. As a result of this situation, the current 

work adopts the belief that the mastic coats all particles with a uniform thickness even 

though the proportional thickness argument seems to support the measured data better.  

Since the mastic coats all aggregate particles equally, it is incorrect to include all of 

the filler-sized particles and all of the effective asphalt into the FAM when fabricating the 

materials in the laboratory. The mastic that coats the coarse particles should be taken into 

account to properly fabricate FAM samples in the laboratory. The process involves using 

many of the same equations given previously and is summarized in the following steps. Note 

that many of the variables have been defined earlier and are not redefined here. 

 

1. Estimate the initial gradation of the FAM by normalizing the gradation of particles smaller 

than the FAIB so that 100% passes the FAIB, as given in Equation (4.16). 

Ĕ 100i
i

FAIB

P
P

P
= ³  (4.16) 

where 

Ĕ
iP  = initial percentage passing sieve size i within the FAM, 
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Pi = percentage passing sieve size i from the job mix formula (percentage 

passing in total mix gradation), and 

PFAIB = percentage passing the FAIB sieve from the job mix formula (percentage 

passing in total mix gradation). 

2. Determine the mass of each stockpile, Mi,  in the FAM, except for the filler, by using the 

job mix formula and Equation (4.17). 
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3. Estimate the number of particles of each size using Equation (4.18). 
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4. Compute the volume of mastic that coats the FAM aggregates using Equations (4.13) and 

(4.14). For this calculation, the film thickness is determined by assuming that the mastic 

uniformly coats all the aggregate particles (e.g., 22.31 mm for the S9.5B mixture). 

5. Calculate the amount of absorbed asphalt in each of the FAM particles by using Equation 

(4.1). 

6. Calculate the total mass of filler and asphalt in the FAM by using the volume of mastic, 

the volumetrically averaged concentration, %VC from Equation (3.1), the absorbed mass 

of asphalt binder, and the specific gravities of the filler and mastic, as given in Equations 

(4.19) and (4.20). 
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7. Refigure the gradation based on the masses derived from Step 2 and the filler mass 

derived from Step 6. 

8. Calculate the total asphalt content. 

 

The FAM mix design for the 9.5 mm mixture that results from following these steps 

with hypothesis 2 is summarized in Table 4.6 while the design for the 19.0 mm mixture is 

given in Table 4.7. The mechanical properties of materials, which result from the three 

different hypotheses are evaluated in Chapter 7. The VF-FAM materials which result from 

the first hypothesis, i.e., all of the asphalt mastic exists in the FAM phase, are denoted as VF-

A. Those resulting from hypothesis two are VF-B3 and VF-B7, and finally those from the 

proportional thickness hypothesis are VF-C3 and VF-C7. In the case of the I19.0C mixture, 

the FF19-A0 and FF19-A4 stem from hypothesis one and FF19-B5 and FF19-B9 follow from 

hypothesis two. For the I19.0C mixture, the properties of the third hypothesis are not 

evaluated 

 

Table 4.6. Summary of FAM Design for S9.5B Mixture 

Sieve Size 

(Standard) 

Sieve Size 

(mm) 

FAM 

Gradation 

(% Passing) 

Ĕ
iP  

(% Passing)
 

#30 0.6 100 100 

#50 0.3 69.9 70.0 

#100 0.15 35.2 36.7 

#200 0.075 17.0 19.3 

Pan 0.000 0.00 0.00 

Mastic Volumetric Concentration (%) 25.5 

Asphalt Content of FAM (%) 15.2 
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Table 4.7. Summary of FAM Design for I19.0C Mixture 

Sieve Size 

(Standard) 

Sieve Size 

(mm) 

FAM 

Gradation 

(% Passing) 

Ĕ
iP  

(% Passing)
 

#16 1.18 100.0 100.0 

#30 0.6 67.3 68.1 

#50 0.3 37.4 39.0 

#100 0.15 21.5 23.5 

#200 0.075 15.2 17.3 

Pan 0.000 0.00 100.0 

Mastic Volumetric Concentration (%) 30.9 

Asphalt Content of FAM (%) 11.6 
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Chapter 5 

Constitutive Modeling of Asphalt Mixture: 

Linear and Quasi-Linear Viscoelasticity 

5.1 Introduction 

For engineering design and analysis one makes certain assumptions of the mechanical 

and/or engineering behaviors of the materials being used and typically idealizes these 

behaviors further using mathematical models. No matter how complicated these models may 

be and no matter how historically developed the associated theories are, they remain 

idealizations of physical reality. History provides numerous case studies wherein the practice 

of the day was found to insufficiently describe this reality and as a result structural failures 

occurred. The evolution of the theory and practices of fracture mechanics offer one 

interesting study (Sanford 2003). This imperfect match between theory and reality is one 

reason that safety factors are necessary in engineering design. Other reasons may include 

uncertainty in loading and environmental conditions and errors in the theoretical idealizations 

of structural effects; which for the purposes of this chapter are considered separate from 

theoretical errors in material models. 

In many instances, theory and true material behavior can match as long as strict 

experimental protocols are adhered to (for characterization) and external conditions are 

appropriately limited (for application). For example in the case of steel one may characterize 

the elastic modulus by performing tests at low strain levels and then treat the material as 
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linear elastic in structural analysis as long as the material will not be strained beyond the 

plastic limit. A protocol used for characterizing only specific characteristics of the total 

material response, referred to as a Standard Experimental Protocol, should be understood 

and adhered to in order to make proper inferences of the true material behavior. When this 

rule is followed, observed deviations from the theory should be explainable based on the 

known theoretical assumptions and the physical make-up of the material of interest.  

Asphalt concrete has been historically recognized as a material that exhibits time and 

temperature dependent properties, and as such it has been treated using LVE. At the same 

time that many have recognized this nature, design practice has treated the material within a 

linear elastic framework, which created a mix of characterization methods, guidelines, and 

approximation schemes. The most popular of which was a quasi-elastic test method and 

engineering quantity, referred to as the Resilient Modulus, MR (AASHTO 1993, Barksdale et 

al. 1997). The MR is defined through analysis of the strain response of an asphalt concrete 

specimen subjected to a repeated diametrical loading. The goal of this test method and 

quantity is to determine the effective elastic modulus for a loading history that is similar to 

what the material experiences under real service. Through analysis or through engineering 

judgment taking into account factors such as the practicality of testing, it was decided that a 

repeated loading pattern with a loading pulse of 0.1 seconds and a rest period of 0.9 seconds 

met this criteria (Deacon, 1965, Schmidt 1972, Kennedy 1977). More recently the NCHRP 1-

37A MEPDG has pushed the pavement community towards so-called true LVE analysis by 

requiring the user to input the |E*| over a range of temperatures and frequencies. While the 

MEPDG usage of |E*| remains questionable due to the reliance on layered elastic structural 

models, the fact that it requires a true LVE quantity as input indicates that the pavement 

community is prepared to move forward with a more fundamental treatment of asphalt 

concrete.  

During the development of the MEPDG and since its initial release, significant 

interest on the |E*| has occurred and many papers and reports have been published on various 

aspects of the topic (Witczak et al. 2000, Pellinen 2001, Wen 2003, Dongre et al. 2005, Kim 
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et al. 2005a, Kweon and Kim 2006, DiBenedetto et al. 2007, Motola and Uzan 2007, Uzan 

and Levenberg 2007, Arambula et al. 2008,  Lacroix et al. 2008, Wagoner and Braham 2008, 

Lacroix et al. 2009, Sakhaei Far et al. 2009, WRI 2010a).  While most of these researchers 

agree that if LVE is to explain the constitutive behavior of asphalt concrete then one must 

constrain themselves to relatively small strains. They disagree about exactly what that small 

strain value or limit should be and as a result, a comprehensive evaluation of the behaviors of 

asphalt concrete in the LVE range is not complete. Complicating this evaluation is the 

tendency to generalize findings from experiments at high strain levels to describe the 

constitutive behavior of asphalt concrete at small strain levels. High strain experiments 

(cyclic fatigue, repeated load permanent deformation, high stress creep and recovery tests, 

etc.) clearly show an influence from localized factors such as preferential aggregate 

orientation, potential for aggregate interaction and contact, and other microstructural factors. 

However, all of these experiments violate the Standard Experimental Protocol for LVE 

because they subject the material to high levels of deformation and/or take the material to 

complete failure. The temptation for many then is to generalize these experimental data to 

suggest that the active mechanisms are also occurring at significant magnitudes when the 

material is subjected to any external condition.  

For LVE to be true for a given material one must satisfy the conditions of 

homogeneity (proportionality) and superposition. That is to say a material can be considered 

LVE if changes in input proportionally change the response and if the response to two 

separate inputs can be summed to give the total response. In real materials, these conditions 

are likely not met for any potential input level, but may be true, or very nearly true, at certain 

specific and small strain levels. The region in stress-strain space where this condition is met 

is referred to as the LVE region and the threshold when the condition is just exceeded is 

known as the LVE threshold. In reality it is not a rigid threshold, but a gradient where the 

material gradually transitions from LVE to non-LVE dominant. Many refer to this non-LVE 

dominant region as the nonlinear region, and while that is a convenient term to differentiate 

the mechanical behaviors it may not be appropriate since nonlinear has a very specific 
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meaning in mechanics literature. In reality, this region may consist of damage in the form of 

microcracking, nonlinear viscoelasticity, plasticity, viscoplasticity, fracture, or other 

mechanisms, which may or may not have mathematical representations and support theories. 

The Standard Experimental Protocol must be strictly followed to truly assess the LVE 

behaviors of a real material, and if it is not then claims as to the LVE mechanical behavior 

are suspect.  

The purpose of this chapter is to present a comprehensive view of the mechanical 

properties of asphalt concrete when a strict adherence to a Standard Experimental Protocol is 

followed. A body of evidence from various experimental studies conducted with different 

test methods, but which follow the Standard Experimental Protocol for linear viscoelasticity, 

is shown to support this view. 

5.2 LVE Mastercurves 

It is an accepted fact that asphalt concrete mixtures in the LVE range are 

thermorheologically simple and thus the effects of time/frequency and temperature can be 

combined into a single and simplified function. In the case of asphalt binder it is generally 

accepted that thermorheological simplicity, while not necessarily rigorously accurate for all 

conditions, is an accurate enough interpretation of the material properties for engineering 

purposes. In light of these two facts all material scales (mixture, FAM and mastic) can be 

considered to be thermorheologically simple. When such simplicity exists it is typically the 

case that a single functional curve is created, which represents the material properties over a 

very broad range of external conditions, such as those characterized in the temperature and 

frequency sweep tests described in Sections 3.3.1.2 and 3.3.2.4. This function is referred to 

as a mastercurve since it covers such a large range in conditions.  

The process of characterizing a mastercurve function is shown schematically here for 

the case of the mixture |G*|, but applies similarly to other scales and response functions. A 

mastercurve is created by plotting the data at each temperature as a function of frequency in 
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log-log space and then horizontally shifting the data for each temperature to produce a single, 

continuous and smoothly varying function. The amount of horizontal shift required to create 

such a curve is referred to as the time-temperature shift factor (t-T shift factor) and varies 

according to temperature. Note that upon shifting, the x-axis is relabeled as reduced 

frequency to denote that the curve was not actually developed with measurements at a single 

temperature. The mathematical representation of reduced frequency is shown in Equation 

(5.1). Similar efforts can be carried out in the time domain or for the frequency in Hertz and 

for completeness the mathematical representation for these two parameters are shown in 

Equation (5.2) and Equation (5.3) respectively. 

*R Taw w=  (5.1) 

where 

wR = reduced frequency (rad/s), 

w = test frequency (rad/s), and 

aT = t-T shift factor for test temperature. 

T

t

a
x=  (5.2) 

where 

x = reduced time (s) and  

t = time (s). 

*R Tf f a=  (5.3) 

where 

fR = reduced frequency (Hz), and 

f = test frequency (Hz). 

The common availability of desktop computers that have spreadsheet optimization 

tools makes this process more objective and often easier than was heretofore possible. With 

these tools, a functional form for the mastercurve and the t-T shift factor function can be 
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assumed a priori and the coefficients of these functions can be optimized to best match the 

experimental data. Such is the approach taken in this research to analyze the test results. The 

sigmoidal model, Equation (5.4), is adopted to represent the mastercurve of asphalt mixture 

and the second order polynomial function, Equation (5.5), is utilized for the t-T shift factor 

function.  

( )
( )log

log *
11

R

G

e
k g w

b
a

+

= +
+

 (5.4) 

where 

a, b = fitting coefficients which dictate the magnitude of the mastercurve 

k, g = fitting coefficients which dictate the shape and location of the mastercurve 

( ) ( )2 2

1 2log T R Ra T T T Ta a= - + - (5.5) 

where 

T = test temperature (°C), 

TR = reference temperature (15°C), and 

a1, a2 = fitting coefficients.  
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Figure 5.1. Schematic representation of mastercurve creation process; (a) unshifted modulus 

data and (b) shifted modulus data (shift factor function as inset).  
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5.3 Experimental Support  

The experimental data that is used in this chapter have been compiled with asphalt 

concrete mixtures that represent a broad spectrum of material types. Only hot-mix asphalt 

concrete mixtures have been included, but they do cover a range in volumetric properties 

(Voids in Mineral Aggregate (VMA) , Voids Filled with Asphalt (VFA), Asphalt Content 

(%AC), etc.), asphalt binder type (modified and unmodified), gradations (coarse and fine), 

nominal maximum aggregate sizes (25 mm, 19 mm, 12.5 mm, and 9.5 mm), Recycled 

Asphalt Pavement content (0-15%), and aggregate type (limestone or granite). Much of the 

data shown in this chapter has been presented elsewhere in significant detail, but has never 

been combined together to support a comprehensive study of the material behavior. For this 

reason, and in the interest of brevity, material details are not given. Instead, study materials 

are only briefly described and references where more details can be found are provided. In 

these experiments, asphalt concrete samples are subjected to varying loading conditions with 

varying sample geometries as indicated in Table 3.5. 

5.4 |E*| Literature Review 

Significant data has been generated and used to formulate various hypotheses 

regarding the mechanistic behaviors of asphalt concrete using, in essence, one or more the 

experimental methods given in Section 3.3.1. In the following sections some of the more 

often cited and representative studies are reviewed. It is believed that many of the 

conclusions from these studies must be carefully evaluated because the supporting data were 

not gathered according to the Standard Experimental Protocol as laid out above. Nevertheless, 

the data is useful as it does provide some insight into the near LVE characteristics. 

5.4.1 Effect of Loading Modes 

Christensen and Bonaquist (2006) suggest that the relationship between tension-

compression and compression |E*| is given by Equation (5.6).  
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1.57
* 0.00357 *

TC C
E E=  (5.6) 

where |E*|TC is the tension-compression dynamic modulus in MPa and |E*| is the 

compression dynamic modulus in MPa. One interesting observation from this relationship is 

the implication that at moduli values less than approximately 19,600 MPa the tension-

compression |E*| is smaller than the compression |E*|, but above 19,600 MPa that the 

tension-compression |E*| is the greater value. The authors do not make note of this reversal 

in trend so it may be a case of extrapolation error and an indication of the limit in the 

conditions used to characterize Equation (5.6).  

To establish Equation (5.6) comparisons are drawn between the |E*| values at the 

beginning of uniaxial fatigue tests (tension-compression loading) and those measured in the 

compression mode at an equal temperature and frequency. Through this comparison it was 

found that the tension-compression values were significantly lower than the compression 

values. However, extracting the |E*| values from the beginning of a fatigue test yields lower 

than true values because; damage can occur in substantial amounts even very early in the 

experiment (Kim et al. 2009a, Hou et al. 2010) and |E*| is technically valid only when the 

steady state has been reached, which may take 10 or more cycles. Damage and non-steady 

state deformation yield lower stiffness and thus a systematically smaller |E*| value. It is 

believed that this effect is what is actually being calibrated in Equation (5.6). In the same 

report the authors note that Equation (5.6) yields predicted moduli values similar to those 

obtained from beam fatigue experiments. Since flexural modulus is usually determined from 

the initial loading cycles of a beam fatigue test it is little surprise that they would agree with 

the values from the initial cycles of a tension-compression fatigue test. The fact that Equation 

(5.6) suggests that |E*| from a tension-compression test is greater than that from a 

compression test at moduli values greater than approximately 20,000 MPa may be attributed 

the authors use of the Hirsch model in developing the equation. This model has been reported 

to yield lower than experimentally observed modulus values at higher stiffnesses (Sakhaei 

Far et al. 2009). 
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Arambula et al. (2008) performed direct tension and direct compression relaxation 

experiments on asphalt concrete and concluded that the LVE relaxation modulus was 

dependent upon the direction of loading. The exact dependency was found to be mixture 

dependent. However, these experiments were performed at a strain magnitude of 200 me, 

which is much higher than the proposed Standard Experimental Protocol allows. In addition, 

the authors found it necessary to use a non-ideal height to diameter ratio (1 to 1) in the tests, 

which may have contributed to some of the irregularities particularly in the case of the 

tension tests.  

Other researchers have also reported that the moduli values measured in tension differ 

from those measured in compression (WRI 2010a). Specifically it is reported that the 

compressive |E*| values were greater than the tensile |E*| values by a factor of two to two and 

a half and that the phase angles determined in tension were much greater than those in 

compression. Some concerns exist in the experimental data because of these reported phase 

angles, as high as 75 degrees for the tension data, and the reported tensile Poissonôs ratios, 

0.5 ï 1. Both of these observations tend to indicate that damage in some form was present 

during the experiments. The tension tests were performed using creep loading and the 

samples tested had a 1 to 1 height to diameter ratio. This creep loading was limited, through 

trial and error, so that it produced a maximum strain of 100 me. To show that the creep test 

did not cause damage in the sample the authors performed a controlled strain repeated 

direction experiment at a target strain level of 80 me. The number of applied cycles is not 

reported, but during this test it was found that the modulus and phase angle did not change 

and as a result the authors concluded that the 100 me creep test caused no damage in the 

specimen. This type of verification assumes that damage, which occurred during the creep 

test, will continue to develop under the oscillatory loading. No support, or refutation of this 

claim was given by the authorsô and no conclusive experimental support was found in the 

literature. However, it is not clearly described by the authors if the 80 me were carried out in 

tension only, tension-compression, or compression only modes. This distinction is important 

because, as it was indicated earlier, the tensile strain limits for damage growth are likely 
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quite different than those in compression. With these issues and experimental irregularities in 

mind it is felt that these results are affected by damage and should thus not be compared with 

experiments carried out using the Standard Experimental Protocol discussed above.  

Wen (2003) performed creep tests using the axial and IDT geometries and concluded 

that the material was more compliant in the IDT mode than in the axial test. In this analysis, 

the IDT creep compliance was calculated with a simplifying idealization instead of being 

calculated with a solution that considered the full field stress distribution. In addition, the 

IDT test specimens were cut from the axial specimens after axial testing had been completed 

and thus the IDT tests may have been initially damaged. Finally, the strain levels achieved in 

the tests are not reported so it unclear if a reasonable strain limit was imposed.  

Pellinen (2001) studied the ultrasonic technique, for determining |E*| and was not 

successful in matching values from compression tests. Specimens 150 mm in diameter and 

150 mm in height were tested to determine the velocity of a 54 kHz ultrasonic wave traveling 

longitudinally through the sample. The data were analyzed, but because the test geometry 

was not ideal, i.e., not a thin rod, the calculations were complex. While analytical solutions 

are available to correct for the sample geometry effects, these theoretical equations were 

found to be quite sensitive to Poissonôs ratio. The Poissonôs ratio is experimentally difficult 

to characterize and Pellinen was forced to rely on predictive equations to correct the signals. 

As a result of the sensitivity, theoretical complexity, and imprecise determination of 

Poissonôs ratio; Pellinen was not able to identify an appropriate geometric correction factor. 

Also complicating the interpretation was that the compression |E*| tests were conducted at 

strain magnitudes of up to 150 me. 

5.4.2 Effect of Anisotropy 

Many studies have examined the influence of non-random particulate orientation 

within an asphalt concrete mixture on |E*|. This preferential orientation of aggregate particles 

is well documented in the literature and is generally referred to as inherent, as opposed to 

induced, anisotropy (Oda 1972, Tashman et al. 2001). Mamlouk et al. (2002) used constant 
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rate tension and compression tests on horizontal, vertical, and diagonal cores from gyratory 

compacted specimens and concluded that no significant differences existed. However, the 

authorsô experiments were subject to high variability and they note that this situation coupled 

with a small number of replicates may have contributed to their results. Motola and Uzan 

(2007) performed experiments by extracting 80 mm x 80 mm x 200 mm beams from field 

compacted sections. Dynamic modulus tests were performed on these beams at 40°C and in 

various orientations. The goal of this experiment was to determine the modulus of the 

material on planes oriented parallel to the compaction direction, Ey, perpendicular to the 

compaction direction, Ez, and with depth, Ez. Since tests for Ez was only possible in the short 

direction, e.g., loading was applied on one of the 200 mm x 80 mm faces and deformation 

was measured on the 80 mm face, the authors tested for Ex and Ey in the same direction. Tests 

were also performed for Ex and Ey in the long direction, loading on the 80 x 80 mm face and 

deformation measurement along the 200 mm face. The authors grouped all of the short 

direction experimental data together in a statistical analysis to conclude that the moduli from 

the three directions were not equal. They then analyzed the short and long direction tests to 

conclude that the modulus measured from either the short or long direction were the same. 

However, if the data is examined in a slightly different way, comparisons being made 

between individual directions (Ex versus Ey short, Ex versus Ez short, Ex versus Ey long, etc.) 

that the hypothesis of statistical similarity cannot be rejected using the same analysis method. 

This observation, coupled with the fact that the experiments may have been confounded by 

factors not addressed by the authors such as air void gradient across the thickness and in-situ 

aging gradients (WRI 2010c), the extremely high test variability (a coefficient of variation as 

high as 35% in some cases) of the field compacted samples, and the use of a ± 50 me target 

experiment, calls into question the validity of the conclusion for the linear viscoelastic range.  

Wagoner and Braham (2008) also investigated the issue of anisotropy by testing field 

slabs in the horizontal and vertical direction using the IDT test geometry. In this study the 

authors conclude, based on complex modulus tests and creep compliance experiments, that 

the material is anisotropic. Unfortunately the authors do not provide enough detail to 
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meaningfully judge this work relative to the Standard Experimental Protocol. However, the 

reported dynamic moduli ranged from 16,000 to 200 MPa at temperatures between -30°C 

and 6°C. Such values are extremely low from what would be normally expected and may 

indicate the existence of damage, which in itself may represent a wholly different type of 

anisotropy.  

5.5 Experimental Results 

5.5.1 Effect of Asphalt Content 

Mixtures presented in Lee (2007) are utilized to examine the influence of asphalt 

content on |E*|. Lee measured the |E*| and f of two mixtures at four asphalt contents 

(reported as a percentage of total mass) each and the results are summarily presented in 

Figure 5.2 for Leeôs Control mix and in Figure 5.3 for Leeôs Lsub mix. It should be noted 

that Lee did not measure radial deformation during the LVE testing and thus the results are 

compiled for only the axial |E*|. Also note that in these figures that asphalt contents are 

shown in the plot legends. The important thing to note here is that the mixture shows a 

reduction in modulus as more asphalt is added, parts (a-b) of Figure 5.2 and Figure 5.3. From 

part (c) of these figures it is found that during the increasing phase angle with decreasing 

reduced frequency segment, a higher asphalt content causes a more viscous material response. 

During the decreasing phase angle with decreasing reduced frequency segment, the results 

are mixed and differ between the two mixes. Finally, in part (d) of Figure 5.2 and Figure 5.3 

it is found that the t-T shift factors function is not consistently sensitive to asphalt content.   
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Figure 5.2. LVE response functions for Leeôs Control mix; (a) |E*| in logarithmic space, (b) 

|E*| in semi-logarithmic space, (c) phase angle, and (d) t-T shift factor function. 
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Figure 5.3. LVE response functions for Leeôs Lsub mix; (a) |E*| in logarithmic space, (b) |E*| 

in semi-logarithmic space, (c) phase angle, and (d) t-T shift factor function. 
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likely of statistical significance. The exact cause of this difference in sensitivity to air void 

content is not known, but recent computational investigations suggest that the microstructural 

configuration of the air void structure may play a role. Further, it can be inferred from the 

known gradation of these mixes and permeability studies with similar North Carolina 

Department of Transportation (NCDOT) mixes (Khosla and Sadasivam 2005) that the 

internal pore structures of these two mixes may vary greatly.  

 

 
Figure 5.4. Effect of air void changes on |E*| for; (a) S9.5C mix and (b) I19.0 mix. (after Kim 

et al. 2005b). 
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conditions. For comparative purposes the relationship in Equation (5.6) is shown in Figure 

5.5 and is found to disagree significantly with the available experimental data.  

5.5.3.2 Compression versus Indirect Tension 

Comparisons of the |E*| from the compression only axial and IDT modes are shown 

in the form of line of equality plots in Figure 5.6. The data shown in this figure includes 

results from 32 different asphalt concrete mixtures with different NMSA (5-25.0 mm mixes, 

7-19.0 mm mixes, 13-12.5 mm mixes, and 7-9.5 mm mixes), gradation types (fine and 

coarse), asphalt types (PG 64-22, PG 70-22, and PG 76-22), and volumetric concentrations 

(%Air, %AC, VMA, VFA, etc.). Comparisons are shown for data gathered under two 

separate research projects and for temperatures from -10°C to 35°C. Although it is not shown 

here, statistical analysis of these results show that, aside from a few spurious temperatures 

and frequencies, the modulus from IDT and compression modes are equivalent. Even though 

the modulus from IDT and compression modes are statistically the same, it can be observed 

from Figure 5.6(b) that there does seem to exist a very slight tendency for the average IDT 

based |E*| to be greater than the average axial determined |E*| at the lowest moduli levels 

(below approximately 800 MPa). A potential explanation for this behavior is found in 

separate experimental data shown later in this chapter.  
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Figure 5.5. Comparison of zero-mean and zero-maximum stress |E*| test results in; (a) 

arithmetic space and (b) logarithmic space. 

 

 

0

10000

20000

30000

40000

0 10000 20000 30000 40000

|E*|C (MPa)

|E
*|

T
C
 (

M
P

a
)

Mix 1-Confined

Mix 1-Unconfined

Mix 2-Unconfined

Christensen and Bonaquist

100

1000

10000

100000

100 1000 10000 100000

|E*|C (MPa)

|E
*|

T
C
 (

M
P

a
)

(a)

(b)



 

 

 

 

 

130 

 
Figure 5.6. Comparison of |E*| determined by axial and IDT methods in; (a) arithmetic and 

(b) logarithmic space. 
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between the two results are not possible. Instead comparisons must be made at the same fR. 

This strategy is theoretically equivalent to direct comparisons. IR data alone is not sufficient 

for characterizing this shift factor, but it can be found from other sources namely: 1) the shift 

factor function characterized from mechanical test results and 2) the shift factor function 

characterized from asphalt binder mastercurves construction. It is believed that option 1 is the 

most appropriate option since the IR tests are conducted on the asphalt mixture. This method 

was adopted by Kweon and Kim (2006), since they had the shift factors available, but they 

recommended, based on the suggestion given in Dongre et al. (2005), using option 2 when 

analyzing mixtures with unknown shift factors. Lacroix et al. (2009) suggest using the binder 

shift factor function since, practically speaking, the IR test would not be used if mechanical 

tests were performed, i.e., option 1 would not be available in a real-world application. 

Further, they argue that the shift factor function from asphalt binder (in the RTFO condition) 

and asphalt mixtures are similar. This argument is based on the suggestions of Kweon and 

Kim, e.g., Dongre et al. (2005) and the experimental findings of DiBenedetto et al. (2007). In 

reality, the findings from the Dongre and DiBenedetto studies need to be generalized in order 

to support this approach. Dongre et al. do not directly compare the binder and mixture shift 

factors and base their conclusions on implicit analysis, whereas the DiBenedetto findings are 

limited to temperatures less than 0°C. A comprehensive comparison of the shift factor 

functions for multiple asphalt binders and mixtures over a temperature range of -10° to 54°C 

and a reference temperature of 15°C is shown in Figure 5.7. The plot shown in this figure 

also includes the line of equality and the functional relationship between the asphalt binder 

and asphalt mixture shift factor. This analysis shows that while the shift factors between the 

two analysis methods are similar, they are quantifiably different.  
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Figure 5.7. Comparison of shift factors determined from mixture tests and asphalt binder 

tests. 
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Figure 5.8. Comparison of |E*| determined by mechanical testing and IR testing; (a) using 

asphalt mixture shift factor function and (b) using asphalt binder shift factor function. 
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(log aT closer to zero), see Figure 5.7, and knowing that the modulus decreases as the reduced 

frequency decreases. The disagreement shown in Figure 5.7 (a) does not preclude the use of 

the IR test method as a reliable tool for engineering practice, just that care should be 

exercised when utilizing the results. For example, Lacroix et al. (2009) have successfully 

demonstrated that by using the binder shift factor function in the analysis of IR data and 

using predictive models for predicting the low modulus behavior that it is possible to produce 

a better approximation of the mechanically measured |E*| than by predictive models alone. It 

would appear then that the use of the binder aT effectively cancels out the strain dependence 

effect and can result in an alternative modulus measurement technique that balances 

laboratory testing requirements and current analytical capabilities. Alternatively, if one limits 

the IR test temperatures to be less than approximately 40°C this effect is not very pronounced, 

it is for this reason that Kweon and Kim did not note any of these effects in their analysis. 

Furthermore, because the exact mechanics involved in the IR methodology in a micro-scale 

wise heterogeneous viscoelastic material are not known it cannot be stated with absolute 

certainty that the observed agreement between mechanical mastercurves and IR mastercurves 

constructed with the binder aT is not more meaningful. This situation poses an interesting 

academic problem, but one that is not addressed in more detail here. 

 

5.5.3.4 Effect of Anisotropy 

Underwood et al. (2005) presented the results from an experimental study to assess 

the impacts of preferred aggregate orientation on the mechanical responses, including |E*|, of 

asphalt concrete mixtures. During this study the researchers extracted test samples from 

gyratory compacted specimens by coring the in either the vertical or horizontal directions. 

These test specimens were 75 mm in diameter by 90 mm in height. Photographs of both a 

horizontal and vertical core are shown in Figure 5.9 and a preferential aggregate orientation 

relative to the compaction direction can be clearly observed. Dynamic modulus tests were 

performed in both the zero-mean and zero-maximum stress modes with target peak-to-peak 

strain amplitude between 50 and 75 me. The overall conclusions drawn from both the 
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compression and tension-compression tests were the same and thus only the tension-

compression data are shown in Figure 5.10. It can be seen that these experiments show no 

consistent difference in horizontal and vertical core |E*| and thus suggest no significant effect 

of preferential aggregate orientation on the |E*| value.  

 

 
Figure 5.9. Comparison of aggregate orientation relative to testing direction for horizontal 

and vertical cores. 
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Figure 5.10. Comparison of |E*| from vertical and horizontal cores in tension-compression 

mode in; (a) arithmetic and (b) logarithmic space. 
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5.5.3.5 Compilation of Loading Mode Effect Findings 

Aggregates within an asphalt concrete sample are well-graded and joined together by 

asphalt mastic consisting of asphalt binder and very fine particles (Elseifi et al. 2008). These 

well-graded aggregates generally interact together and with the asphalt mastic to yield the 

final fundamental characteristics of an asphalt concrete mixture. The degree and 

manifestation of the interaction of these particles and the specific particle sizes, which 

interact to yield the observed behaviors in the small strain region are not clearly understood. 

However, it is believed that during oscillatory straining below a magnitude of 50-75 peak-to-

peak microstrains and with very little accumulated mean strain that, the coarsest particles do 

not interact so much so as to alter the internal load paths. This hypothesis stems from the fact 

that for experimental data gathered under these conditions the |E*| values determined from 

tension-compression, compression only, and indirect tension are the same. Even though the 

particles do not change their interaction during this strain region, they are apparently actively 

influencing the material characteristics. Differences in the modulus values of materials made 

with the same asphalt binder, but different aggregates and with different gradations support 

this claim (Kim et al. 2005a). While preferential aggregate orientation may influence this 

initial interaction, it would appear that the component(s) of the total asphalt concrete mixture 

(binder, mastic, fine aggregate matrix, coarse skeleton, etc.) responsible for the composite 

behavior, e.g., |E*| of the mixture, is not influenced by these coarse particle orientations. 

Perhaps this means that at some length scale, the one actively responsible for a given 

mixtureôs |E*|, the material does not show a preferred aggregate orientation. The source of 

the internal interaction may be mechanical and/or physico-chemical in nature, but regardless 

of the exact cause the mechanisms are very complicated as evidenced by the fact that while 

many attempts to simulate the behavior computationally have yielded qualitative successes 

most have failed in precisely matching the observed material properties (Abbas et al. 2007, 

Yu 2009, WRI 2010b, WRI 2010c).  
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5.5.4 Effects of External Conditions 

5.5.4.1 Confining Pressure 

Subjecting an asphalt concrete specimen to an all-around confining pressure while 

simultaneously performing a temperature and frequency sweep test and computing the |E*| 

by using the deviatoric stress amplitude and measured axial strains may result in a larger |E*| 

values. An example of this typical experimental observation is shown in Figure 5.11, where it 

can be seen that the effects of confining pressure are most significant when the material is 

inherently softer (i.e., greater effect at high temperatures and low frequencies). Perfectly 

linear-elastic or linear-viscoelastic materials may display qualitatively similar results under 

such conditions and this behavior is related to the Poissonôs effect. However, considering that 

it has been experimentally observed that the long-time (low reduced frequency) Poissonôs 

ratio for asphalt concrete is close to 0.5, the magnitude of stiffening cannot be quantifiably 

justified with linear theory alone. This stress state effect is reversible because it has been 

observed that upon removal of the confining pressure, the modulus returns to its previous 

unconfined value. The process can be repeated multiple times without any noticeable 

permanent stiffening. During the confinement process the volumetric strain may indicate a 

net consolidation, e.g., reduction in void content, of approximately 0.1 to 0.2% (at 54°C and 

500 kPa). This means that during an unconfined test a specimen may have an air void content 

of 4%, but when it is confined and tested the air void content may be approximately 3.8%. 

However, strain measurements taken during the confinement process are less reliable due to 

the rapid changes in pressure and temperature and other factors and this measured reduction 

cannot be verified reliably. Nevertheless, if this degree of volume change is real it is not 

nearly significant enough to account for the increase in modulus shown in Figure 5.11 (Kim 

et al. 2005b, Lacroix et al. 2008). 
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Figure 5.11. Typical effects of confining stress state on measured |E*|. 

 

The sensitivity of this stiffening to stress state changes and the magnitude to which it 

occurs, are both found to depend upon the microstructural arrangement of the asphalt 

concrete. Such behaviors were apparently first observed by Pellinen who subsequently 

developed a model to describe the phenomenon (Pellinen 2001). Underwood et al. (2011) 

also observed this phenomenon and developed their own mathematical representation of it. 

The NCSU model borrows principles that have been used in describing the constitutive 
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(5.7) to characterize the behavior of different materials, including a mixture with a gravel 

type aggregate structure and a gap graded aggregate structure and found that the model was 

sensitive to microstructural differences.  

Equation (5.7) implies that the |E*| determined via IDT should be greater than that 

determined from axial testing because the biaxial state of stress creates a more severe bulk 

stress condition. It was shown earlier that although the experimentally observed |E*| values 

from IDT and axial testing are statistically similar, there is a slight tendency towards higher 

moduli from IDT testing. Analysis of the stress distribution in an IDT sample using the 

available elastic solutions along with real load levels suggests that this stress state is not so 

severe as to induce substantial differences in |E* |. At maximum the differences in |E*| 

between the two protocols based solely on the stress state effect, is expected to on the order 

of 10%. This difference is similar to the mean difference for the highest temperature data 

shown in Figure 5.6(b), but given the experimental variability in the data this difference is 

found to be statistically insignificant.  

5.5.4.2 Strain Level 

When asphalt concrete is subjected to incrementally increasing strain amplitudes the 

|E*| is found to change, and this effect is termed strain dependence. Strain dependence is 

known to exist at high strain levels and may be related to influences from damage in the form 

of cracking, viscoplasticity, etc. The strain dependence discussed here is not caused by any of 

these mechanisms and is referred to as low range strain dependence to differentiate the 

potential causes. Differentiating between low range strain dependence and strain dependence 

due to any of the aforementioned mechanisms is not an easy task because it is not exactly 

clear when these additional mechanisms become active. Other researchers attempting to 

isolate the nonlinearity of asphalt concrete have utilized strain-sweep tests wherein the test 

frequency is fixed, but the magnitude of strain increases steadily. When the observed |E*| 

deviates from a constant value it is said that nonlinearity is present (WRI 2007). A similar 

approach is used here to isolate the low range strain level dependence. It is likely that what is 

referred to here as low range strain dependence and what others refer to as nonlinearity are 
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the same behaviors. However, to reduce confusion between the mechanism considered here 

and nonlinear behaviors at extremely high strain magnitudes, the authors have adopted the 

terms low range strain dependence and nonlinear viscoelasticity (NLVE) throughout this 

document.  

A summary of the results from the RSS experiments, which has been conducted at 

19°C and at 10 Hz for both the S9.5B and I19.0C and also at 40°C and 10 Hz for the I19.0C 

mixture, are shown in Figure 5.12 through Figure 5.14. In the plots of this figure a modulus 

ratio is plotted on the y-axis. The numerator for this ratio is specific to the strain level within 

the particular loading block being analyzed. The denominator for this ratio is constant for all 

strain levels within all loading blocks and loading groups and was determined from a 

separate temperature and frequency sweep test in the zero-mean stress mode. Since this 

temperature and frequency sweep test was conducted with a peak-to-peak strain magnitude of 

nearly 60 me the modulus ratio at approximately 60 me for the first loading block in the first 

loading group is very close to one, but it should be clearly understood that the modulus from 

this particular loading block and group was not explicitly used as the normalization modulus.  

Figure 5.12 presents the results from the first loading group of each of the RSS tests. 

It can be seen that the overall influence of strain in this loading group can be appreciable 

depending on the asphalt mixture type. In the case of the S9.5B mixture this effect is small 

but quantifiable (a factor of 1.05 to 0.95 between 20 and 100 me). However, the effect is 

noticeably larger in the case of the I19.0C mixture (a factor of 1.3 to 0.95 between 20 and 

100 me). In each case the fact that the plots for each block are basically on top of one another 

suggests that this effect is likely not a result of permanent damage to the material. 

Furthermore, the smallest strain amplitude of a subsequent block begins within 1-3 seconds 

after the end of the highest strain magnitude of the previous loading block. If damage were 

used as an explanation of the observed behaviors then it would be implied that full healing 

occurs within a very short period. Considering that two of these experiments were conducted 

at 19°C it is believed that this phenomenon is not occurring. When interpreting the data that 

is shown in Figure 5.12 the effects of signal to noise ratio must also be considered. In a 
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measurement system the electronic noise in a signal is usually a fixed quantity and is related 

to inherent electrical interference in the atmosphere and errors in the analog to digital signal 

conversion process. As the magnitude of the strain response decreases the ratio of this noise 

to the specimen response increases and it is important to confirm that the measured quantities 

are not an artifact of this phenomenon. This effect was assessed and found to be insignificant 

for the available measurements when calculating the |E*|, but that it could have a more 

significant influence on the phase angle. Through numerical simulations it was found that 

noise in the strain signal could bias the computed phase angle and as a result only the |E*| 

value is considered to be a reliable quantity in these tests.  

 

 
Figure 5.12. Effect of strain level on |E*| in the first loading group of the RSS test; (a) S9.5B 

mixture tested at 19°C, (b) I19.0C mixture tested at 19°C, (c) I19.0C mixture tested at 40°C, 

and (d) for the tests of Uzan and Levenberg (2007). 
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Similar results have been reported by Uzan and Levenberg (2007). These researchers 

performed simple strain sweep experiments on a standard asphalt concrete mixture at a single, 

but unreported temperature, and at frequencies of 10, 5, and 1 Hz. Their results are shown 

along with the results from the first loading group in this study in Figure 5.12 (d). The data in 

Figure 5.12 (d) suggests that the exact strain level dependence is dependent upon the 

microstructural configuration of a mixture and also the experimental conditions (temperature 

and frequency) examined. 

It is not possible with the available equipment to reliably measure the |E*| at strain 

magnitudes smaller than those currently considered and shown in Figure 5.12. However, 

inferences can be made as to the smallest strain tendencies based on the findings from the IR 

tests. From reduced frequency principles, it can be shown that IR tests at 40°C-50°C 

represent the materials at an approximately equivalent condition as tests at 19°C and 10 Hz. 

The IR test data in Figure 5.8 (a) suggests a modulus ratio of approximately 1.3 (ranging 

from 1.6 to 1.2) at this condition. It is typically reported that the test method imparts between 

0.1 and 10 me on the sample (Dyvik 2010). The extrapolation of the data in Figure 5.12 back 

to 0.1 me suggests a limiting modulus ratio of approximately 1.1 for the S9.5B mixture and 

1.5 for the I19.0C mixture. Based on these values it would appear that the IR test results are 

consistent with the relationship that is shown in Figure 5.12. 

The pattern observed in this first loading group, where each loading block collapsed 

into a unique curve, did not exactly repeat for the other loading groups where the maximum 

strain amplitudes were progressively increased, see Table 3.5. In Figure 5.13 the dependence 

of modulus ratio on strain amplitude is plotted for various loading blocks and loading groups. 

Included with these curves is the final loading block from the first loading group. The figure 

only shows results for the S9.5B mixture, but similar results are observed for the I19.0C tests. 

Damage effects are observed because the value of the modulus at the lowest strain amplitude 

decreases as more loading blocks are applied, and although it is not shown in this figure, this 

effect is found to steadily evolve with sequential loading blocks and loading groups. 
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Figure 5.13. Effect of higher strain amplitudes on observed modulus ratios (G refers to 

loading group and B refers to loading block, Ex. G1-B1 means loading block 1 of loading 

group 1) 

 

At larger strain values, inferences are less clear because damage mechanisms occur. 

Nevertheless, if it is assumed that the total cumulative damage within any given loading 

block is small, an assumption that is justified based on comparisons of the modulus ratio plot 

between loading blocks 4 and 5 in loading group 5, compare G5-B4 against G5-B5 in Figure 

5.13, then it is possible to estimate the effect of higher strain levels. This inferred strain-level 

dependence mastercurve considering the extremely low and high strain levels is shown in 

Figure 5.14, and it is seen to vary from between approximately 1.5 at the lowest strain levels 

to approximately 0.8 at 500 me for the I19.0C mixture and from 1.1 to 0.8 for the S9.5B 

mixture. Overall, the effect of temperature is found to be minor at strain amplitudes greater 

than approximately 60 me. At lower values the nonlinearity is found to have a less significant 

effect at higher temperatures. The reason for reduced strain dependence at higher 

temperatures is believed to be related to the same tendency in asphalt binder and mastics, 

which in itself comes from the tendency for these materials to behave as a Newtonian fluid at 
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higher temperatures. It should be emphasized that these ratios are for only a limited number 

of conditions, and extreme care should be followed before attempting to generalize these 

ratios for other temperatures and frequencies or to generalize these effects into the time-

domain. The successful application of non-strain dependent LVE models to predict the 

stress-strain behavior of an asphalt concrete sample in the time-domain would seem to 

suggest that the short-time low-range strain dependence may be negligible (Kim et al. 1995). 

 

 
Figure 5.14. Inferred broad range strain level effect on |E*| modulus ratio. 
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combination of mastic and some fine particles, may ultimately shed some insight into the 

micromechanical factors, which affect the macromechanical properties. 

5.6 Summary  

There is no debate amongst researchers that the ultimate properties (strength, ductility, 

toughness, etc.) of asphalt concrete depend strongly upon certain loading factors and material 

characteristics, e.g., loading direction, microstructural orientation of the particles, loading 

history, etc. The temptation for many is to generalize these known behaviors to conditions 

where direct experimental evidence has not been gathered. Various experimental programs 

have been carried out by numerous researchers to better appreciate the validity and 

significance of deviations to these generalizations. When interpreting this data, consideration 

must be given to whether or not it was gathered by the Standard Experimental Protocol. In 

short this concept states that for accurate quantification of the quasi-linear viscoelastic 

properties of asphalt concrete that the input magnitudes must be small enough so that other 

potential mechanisms are either not active, or are active to a very small degree. For asphalt 

concrete it is believed that this condition is met as long as the total peak-to-peak strain 

amplitude is limited to 50-75 me and the total tensile strain amplitude is less than 25-37.5 me. 

In addition, the total amount of accumulated compressive microstrain (except that which is 

due to thermal changes) should be less than 1500. By following this protocol it is found that 

the |E*| values measured in tension-compression modes, compression modes, and indirect 

tension modes have high degrees of statistical agreement. It is also found that the preferential 

orientation of aggregate particles, what is referred to as initial or compaction induced 

anisotropy, does not affect the |E*| in the case of gyratory compacted specimens at a nominal 

air void level of 4%. Data exists in the literature to refute these claims, but after review it is 

found that none of those studies rigorously adhere to the Standard Experimental Protocol as 

laid out above. It is believed that a failure to strictly adhere to this protocol means that other 

mechanisms may be active and contributing to the experimental measurements.  
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The data presented in this chapter also shows ways in which asphalt concrete 

behaviors deviate from the rigorous definition of LVE. Experiments performed at different 

stress states and strain levels do not result in a unique |E*| value. These effects occur even 

though strict adherence to the Standard Experimental Protocol as it was presented above is 

followed. The fact that the tensile and compressive properties and preferred aggregate 

orientation are not affecting the measured modulus when this protocol is met, but do affect 

the material response at slightly more severe input conditions indicates a delineation in active 

mechanisms and thus the existence of a true threshold. That is to say that following this 

Standard Experimental Protocol does in fact mean that one is characterizing the material at a 

fundamentally different level than protocols that use more severe input conditions. Owing to 

the fact that the way that the material acts is fundamentally similar to a linear viscoelastic 

body, but with some important deviations, which are more consistent with the mechanics of 

cohesive and granular bodies, this region might be referred to as the quasi-linear viscoelastic 

material characteristic range.  

Based on strict mechanistic definitions and the above experimental data it appears 

that asphalt concrete is only a LVE material at extremely small strains. This situation does 

not mean that LVE theory should not, or cannot be used to solve real-world engineering 

problems. The strength of using LVE to describe the behavior of asphalt concrete can be 

appreciated by comparing it to the alternatives. Linear elastic theory cannot implicitly 

account for the temperature and time-dependence of the material, as they can be with linear 

viscoelasticity. Nonlinear theories are not desirable because they require experimental data 

that may not reliably isolate the responsible mechanisms because other competing effects 

(damage, viscoplasticity, healing, etc.) occur simultaneously. These nonlinear theories may 

also be quite complex mathematically. Since asphalt concrete is not a perfectly LVE material 

even at the conditions where it is typically thought of as such, one must be careful in 

applying the theory. This situation is known to the industry because, as significant historical 

data indicates, at high strain levels (greater than those used here) asphalt concrete is known to 
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crack and permanently deform. However, this data set suggests that similar considerations 

may also be necessary even at lower strain magnitudes.  
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Chapter 6 

Constitutive Modeling of Asphalt Mixture: 

Simplified Fatigue Characterization Protocol  

6.1 Introduction 

6.1.1 Practical Continuum Damage Models 

Fatigue cracking in asphalt concrete pavements is a major form of pavement distress 

in the United States and currently, no effective test and analysis protocols exist that can be 

easily and quickly performed by field engineers. This shortcoming is due in part to the 

complex nature of fatigue, which is related to both the material and structural properties of 

asphalt concrete pavements. It may also be partly due to the fact that, historically, fatigue 

testing and analysis has been based on beam specimens, which cannot be readily obtained 

with standard laboratory equipment. To properly understand and model fatigue cracking over 

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

complex experiments, requires a mechanistic model. This model should describe the material 

response to repeated loading, particularly the phenomena of crack initiation, coalescence, and 

finally propagation. Existing empirical techniques often meld these mechanisms into a 

predictive scheme by developing power law relationships between some input parameter 

(stress or strain) and the number of cycles to failure (Deacon et al. 1995). Another technique 

that is gaining support in the asphalt community is the continuum damage model.  
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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 the material integrity. The most convenient way to assess the material integrity, 

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

that is presented in this chapter, which is the instantaneous pseudo secant modulus. Damage, 

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

measurements combined with rigorous theoretical considerations. One such theory is 

Schaperyôs work potential theory (Schapery 1987), which is based on thermodynamic 

principles. Within Schaperyôs 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), while still others have assumed that the internal state 

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

material (Levenberg and Uzan 2004, Uzan and Levenberg 2007).  

The work of Kim and Little (1990) was the first to apply Schaperyôs viscoelastic 

constitutive theory for materials with distributed damage to describe the behavior of sand 

asphalt under controlled strain cyclic loading. Later research using the so-called viscoelastic 

continuum damage (VECD) model shows that this theory can also describe the behavior of 

asphalt concrete under both controlled stress and controlled strain cyclic loading (Lee and 

Kim 1998a and b). Work under the Westrack project shows that the damage characteristics of 

a material are independent of the mode of loading and can be determined using a simpler test, 

such as the constant crosshead rate monotonic test (Daniel and Kim 2002). Verification of 

the t-T superposition principle at high levels of damage is equally significant (Chehab et al. 

2002, Underwood et al. 2006). These two findings significantly reduce the required testing 

protocol while simultaneously extending the modelôs range of application. The most recent 

work applies these principles to mixtures tested at the FHWA ALF in McLean, VA 

(Underwood et al. 2006), and successfully demonstrates the use of the modeling principles to 

both modified and unmodified asphalt concrete mixtures.  
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This most recent FHWA ALF research utilizes constant rate tests for characterization; 

this approach is theoretically appropriate for the work potential theory formulation, but 

contains certain practical constraints with regard to test machine load capacity requirements. 

This issue is particularly important because the capacity of the Asphalt Material Performance 

Tester (AMPT), formerly known as the Simple Performance Tester (SPT), is nearly equal to 

the threshold value needed for constant rate testing. Since this piece of equipment will likely 

become the standard asphalt mixture testing equipment that agencies utilize for their 

performance testing, it is important that these continuum models are formulated in such a 

way that cyclic fatigue tests can be used easily in the characterization. It is also important 

that the models are formulated with enough flexibility that other ancillary tests, like 

temperature and frequency tests, can be performed with sufficient enough accuracy by the 

AMPT equipment. 

Independent efforts using pseudo strain-based models to achieve this same goal have 

also 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 pseudo strain and in the idealization of 

the input conditions. These researchers used the continuum damage relationship along with 

the mixture modulus and percentage of total voids filled with asphalt 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 controlled 

crosshead push-pull tests, yield the same damage characteristic relationship. These 

researchers also utilized the damage functions for different FHWA ALF mixtures to predict 

and rank the field performance. Although all of these previous research efforts have shown 

positive results, it is felt that they have certain faults in the rigor of their derivation that limit 

their application.  
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6.1.2 Linear Viscoelastic Characterization Protocols 

A second issue that is of equal importance in this fatigue characterization procedure is 

the need for a LVE characterization protocol that balances accuracy, precision, and total 

amount of time. For the aforementioned practicality reasons this protocol should be 

consistent with the capabilities of the AMPT equipment. Two standard protocols currently 

exist for meeting this objective; AASHTO TP 79 in combination with AASHTO PP 61 and 

AASHTO TP 62. The first standard method (TP 79/PP 61) was written specifically for the 

AMPT equipment and requires substantially less time to complete than the TP 62 procedure. 

The testing time reduction is accomplished by including fewer frequencies and eliminating 

any rest period between successive frequencies. AASHTO TP 62 was conceived by the 

research community over several years and is more consistent with linear viscoelastic theory. 

There are other differences as well and these are discussed in more detail later. 

A potential problem with this AMPT protocol is that it does not measure data at 

extremely low temperatures (-10°C) and, in some cases, at extremely high temperatures. In 

lieu of measuring the |E* | at these temperatures the AASHTO PP 61 procedure provides an 

analytical technique to predict the modulus values. The procedure utilizes a predictive model 

and optimization technique to determine the low and high temperature properties (Bonaquist 

2008). Independent verification of this procedure has not been performed, nor have the 

implications of potential errors on either routine analysis or advanced modeling been 

assessed. One study, which examined the effects of using modulus values predicted using the 

Witczak model instead of measured values, concluded that although material level 

performance models may be highly sensitive to the exact modulus values used for analysis, 

pavement performance predictions that account for daily climatic variations, mixed traffic 

conditions, and other real-world factors show very little sensitivity to even large differences 

in modulus values (Schwartz 2005). This finding seems to suggest that even if large 

differences exist between |E*| values, the predicted pavement distress may not change 

substantially. Others have recommended the removal of the lowest temperature in the TP 62 
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protocol based on concerns about test variability and some very limited pavement 

performance predictions (Bennert 2009). However, this effort did not comprehensively 

consider the implications of the errors at -10°C since it did not evaluate different materials 

and different structures, climates or traffic levels in the analysis. It was also not 

comprehensive because it did not assess the potential implications of differences on advanced 

models. 

6.1.3 Chapter Objectives 

There exist 7 main objectives for this chapter: 

1. to show the rigorous derivation of the viscoelastic continuum damage (VECD) 

model;  

2. to show how this rigorous derivation can be modified to yield a practical and 

simplified formulation (S-VECD) for fatigue characterization with AMPT 

equipment;  

3. to show how existing simplified continuum damage models are flawed;  

4. to examine the analytical procedure suggested in AASHTO TP 79/PP 61 for 

accuracy and bias;  

5. to examine the potential effects of any errors as they relate to routine pavement 

analysis;  

6. to examine the potential effects of these errors on advanced material model 

predictions; and 

7. to make a final recommendation on the minimum testing requirements for S-

VECD testing. 

6.2 Rigorous VECD Model Formulation 

Schaperyôs theory is based on elements of linear viscoelasticity and continuum 

damage mechanics. A practical review of these basic theories is given in the following 
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subsections. For a more rigorous treatment of the subject, the reader is referred to previous 

work (Kim and Little 1990, Lee 1996, Lee and Kim 1998, Daniel 2001, Chehab et al. 2002, 

Chehab et al. 2003, Underwood et al. 2006) and to the work of Schapery (Schapery 1981, 

Schapery 1990, Schapery 1999).  

6.2.1.1 Linear Viscoelasticity 

As noted previously, LVE materials exhibit time- and temperature-dependent 

behavior.  That is to say, the current response is dependent on both the current input and all 

past input (i.e., input history). Constitutive relationships for LVE materials are typically 

expressed in the convolution integral form, as shown in Equations (6.1) and (6.2):   
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where E(t) and D(t) are the relaxation modulus and creep compliance, respectively (t term is 

the integration variable). These response functions are mathematically represented by the 

Prony functions shown in Equation (6.3) and (6.4). To determine the values of these 

coefficients the method given by Underwood et al. (2006) is adopted. 
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where 

EÐ =  long time or equilibrium modulus, 

Ei =  Prony relaxation coefficients, 

ri = relaxation times, 
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Dg = glassy compliance, 

Di = Prony creep coefficients, 

ki = retardation times, and 

t = time. 

6.2.1.2 Continuum Damage 

On the simplest level, continuum damage mechanics considers a damaged body with 

some stiffness as an undamaged body with a reduced stiffness. Continuum damage theories 

thus attempt to quantify two values, damage and effective stiffness. Further, these theories 

ignore specific microscale behaviors and, instead, characterize a material using macroscale 

observations, i.e., the net effect of microstructural changes on observable properties. The 

most convenient method to assess the effective stiffness, in the macro sense, is the 

instantaneous secant modulus. Damage, on the other hand, is oftentimes more difficult to 

quantify and generally relies on macroscale measurements combined with rigorous 

theoretical considerations. For the model at hand, Schaperyôs work potential theory, based on 

thermodynamic principles, is appropriate for the purpose of quantifying damage. Within 

Schaperyôs theory, damage is quantified by an internal state variable (S) that accounts for 

microstructural changes in the material.  

6.2.1.3 Extended Elastic-Viscoelastic Correspondence Principle 

Schaperyôs damage theory, originally developed for elastic materials (Schapery 1984), 

is generalized for viscoelastic materials using the extended elastic-viscoelastic 

correspondence principle.  In short, this principle states that viscoelastic problems can be 

solved with elastic solutions when physical strains are replaced by pseudo strains:  

( )
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1
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R

d
E t d

E d

e
e t t

t
= -ñ . (6.5) 

Here, ER is a particular reference modulus, typically taken as one. Equation (6.5) is 

solved using the so-called state variable formulation, Equation (6.6).  
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where h0 and hi 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 (6.7) and (6.8), respectively: 
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Using pseudo strain in place of physical strain, the constitutive relationship presented 

in Equation (6.1) can be rewritten as: 

R

REs e= . (6.9) 

It is seen from Equation (6.9) that a form corresponding to that of a linear elastic material 

(Hookeôs Law) is taken when strains are replaced by pseudo strains. More theoretical details 

of this concept can be found elsewhere (Schapery 1984, Daniel 2001, Chehab 2002). In a 

practical sense, pseudo strains are simply the linear viscoelastic stress response to a particular 

strain input. The most important effect of pseudo strains is seen when plotting with stress, 

because any time effects are removed from the resulting graph. This property of the stress-

pseudo strain relationship is used in the modeling approach presented here. 

The basic consideration of the continuum damage theory is that any reduction in 

stiffness is related to damage. In a graphical sense this is expressed through a reduction in the 

stress-strain modulus; recall that continuum damage theories typically use a secant modulus 

to quantify the effect of damage. A reduction in the secant modulus is also related to time 

effects for viscoelastic materials. However, in stress-pseudo strain space, time effects are 

removed, and any reduction in the pseudo secant modulus (the secant modulus in the stress-

pseudo strain space) is a direct consequence of damage.   
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As evidence, the results of two typical monotonic tests are presented in Figure 6.1 in 

both stress-strain space and stress-pseudo strain space. The behavior during initial loading is 

shown as an inset in these figures. In stress-strain space, as seen in Figure 6.1 (a), 

nonlinearity appears in the initial stage of loading, which suggests that damage commences 

from the outset. However, the nonlinearity in this zone is related only to the time effects of 

the material. When these time effects are removed, as seen in Figure 6.1 (b), damage does not 

commence at the outset of loading and, in fact, does not begin until the stress level reaches 

approximately 500 kPa.     
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Figure 6.1. Constant crosshead test results in; (a) stress-strain space and (b) in stress-pseudo 

strain space. 
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6.2.1.4 Viscoelastic Continuum Damage Theory 

The VECD model combines elements from the preceding sections to arrive at the 

constitutive relationship. From continuum damage, the stiffness reduction is defined by the 

pseudo secant modulus (pseudo stiffness). This quantity is typically normalized for 

specimen-to-specimen variability by the factor, I, and denoted as C, Equation (6.10):   

*R
C

I

s

e
= . (6.10) 

As noted previously, damage is quantified using Schaperyôs work potential theory. 

The basic equations necessary for this damage theory are: 

 

1. the pseudo strain energy density function, 
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2. the stress-pseudo strain relationship,  
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3. the damage evolution law, 

()
RdS W

A S
dt S

a
å õµ

= -æ ö
µç ÷

. (6.13) 

In Equation (6.13) the importance of A(S) is in relating the S to a physical quantity. 

For example, it can be shown that if S represents macrocrack length and if this macrocrack is 

further postulated to be penny-shaped and circular with a radius a, then the function is given 

by Equation (6.14). This function can be effectively ignored with the understanding that the 

resulting damage parameter is not quantifiably equivalent to a microstructural phenomenon 

(crack length, crack area, etc.), but instead only qualifiedly linked to such properties. 

Removing the function also means that comparison of equivalent damage levels across 
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materials does not yield useful material insight since the A(S) function may differ for these 

materials. With this fact in mind, the damage evolution law adopted for the research 

presented herein is given by Equation (6.15). Park shows how the S from Equation (6.13) and 

the S resulting Equation (6.15) are related, and this relationship is shown in Equation (6.16). 
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The rate coefficient, a, in Equation (6.15) does not appear in the elastic continuum 

damage formulation, but is necessary for viscoelastic materials. Schapery shows how this 

parameter can be related to the inherent LVE characteristics of the material and this issue 

will be discussed later in regards to the S-VECD model. For now it should be understood that 

a is a value that is related to the LVE properties of the study material. To solve Equation 

(6.15), Equation (6.11) is first substituted and the partial derivative simplified;  
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Next, the formula is recast in terms of reduced time and the chain rule is applied so that; 
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Collecting the damage rate terms on the right hand side of the equation leads to; 
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Stress and strain are measured for every time step and thus the pseudo strain and 

hence C is known for the entire loading history. Equation (6.19) can then be solved 

numerically by first discretizing the derivatives and then rearranging. Both of these steps are 

performed to arrive at Equation (6.20) wherein the subscript denotes that the calculation is 

only used for the current step and is repeated for each time step. 
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Equation (6.20) is referred to as the rigorous VECD model formulation. It is best 

applied to simple loading histories, i.e., constant rate tension experiments. For the complex 

loading history of a cyclic fatigue test this equation is ill-suited because; 1) the number of 

data points can be quite large for the case of cyclic loading and 2) complicating artifacts can 

exist in the cyclic data, which introduce additional errors in the damage calculation (see 

Appendix C).  

The relationship between damage (S) and the normalized pseudo secant modulus (C) 

is known as the damage characteristic relationship and is a material property independent of 

loading conditions (Daniel 2001). With these considerations, the constitutive relationships 

are given by Equation (6.21) for stresses and Equation (6.22) for strains: 
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In comparing Equation (6.22) to Equation (6.2), a striking similarity is observed.  

Equation (6.2), it is recalled, is the constitutive relationship for linear viscoelasticity with a 

stress input. Described simply, the modeling approach uses the given input (s) to determine 

the input as if no damage has occurred (eR), and then utilizes the LVE constitutive 

relationships to find the response.    
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6.3 Simplified VECD Formulation 

6.3.1 Materials 

Five different mixtures assembled from two different aggregate gradations were used 

for the development of the S-VECD formulation. The gradation and relevant mixture 

information is shown in Figure 6.2 and Table 6.1. The first aggregate structure is part of an 

ongoing investigation at the Federal Highway Administration Accelerated Load Facility 

(FHWA ALF) and is a coarse 12.5 mm NMSA mixture with air voids between 3.5 and 4.5%. 

Three of the mixtures that use this blend were made with polymer-modified binder, and one 

was made with a standard binder. The second mixture is a Superpave
 
fine 9.5 mm NMSA 

mixture made with a standard PG 64-22 binder and air voids between 5.5 and 6.0%.  

 

 
Figure 6.2. Gradations for test mixtures. 
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Table 6.1. Relevant Study Mixtures Information 

Aggregate 

Blend 
Mixture ID Binder 

% AC (by 

mix mass) 
PG Grade 

ALF 

Control Unmodified 

5.3 

70-22 

CRTB Crumb Rubber Term. Blend 76-28 

SBS Styrene-Butadiene-Styrene 70-28 

Terpolymer Ethylene Terpolymer 70-28 

S9.5mm Fine 9.5 Fine Unmodified 5.2 64-22 

 

6.3.2 Test Methods 

The test methods performed in this study included constant crosshead fatigue, 

constant stress cyclic, and constant rate tension experiments. The specific cyclic test 

conditions used are summarized in Table 6.2. 
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Table 6.2. Cyclic Fatigue Test Summary 

Material 
Test 

Type 

Test 

Designation 

Initial 

Level (kPa 

/me) 

Freq. 

(Hz) 
Nf 

Control 

CS 5
a
-CS

b
-H

c
 1500 / 84 4 28570 

CS 19-CS-H 750 / 104 4 1470 

CS 19-CS-L 250 / 32 4 16300 

CX 19-CX-L -- / 262 4 14800 

CX 19-CX-L(2) -- / 273 4 17800 

CX 19-CX-H -- / 327 4 7900 

CX 5-CX-H -- / 170 10 51170 

CX 5-CX-H(2) -- / 160 10 48190 

CX 5-CX-L -- / 125 10 135000 

CRTB 

CS 5-CS-H 1500 / 127 4 4260 

CS 19-CS-H 750 / 160 4 710 

CS 19-CS-L 250 / 47 4 42480 

CX 19-CX-H -- / 333 4 27500 

CX 19-CX-L -- / 442 4 48760 

SBS 

CS 5-CS-H 1500 / 130 4 3110 

CS 19-CS-H 750 / 220 4 130 

CS 19-CS-L 250 / 56 4 5070 

CX 19-CX-L -- / 300 4 >120000 

CX 19-CX-H -- / 523 4 >90000 

Terpolymer 

CS 5-CS-H 1500 / 130 4 4460 

CS 19-CS-H 750 / 230 4 190 

CS 19-CS-L 250 / 70 4 7660 

CX 19-CX-L -- / 428 4 >138000 

CX 19-CX-H -- / 579 4 75000 

9.5 Fine 

CS 5-CS-H 1500 / 115 10 5900 

CS 5-CS-L 750 / 40 10 296450 

CS 19-CS-H 750 / 108 10 2950 

CS 19-CS-L 250 / 10 105480 

CX 19-CX-H -- / 240 10 46389 

CX 19-CX-VL -- / 190 10 311170 

CX 19-CX-VH -- / 402 10 2670 

CX 5-CX-H -- / 150 10 70140 

CX 5-CX-L -- / 126 10 145410 
a
 Test temperature in degrees Celsius 

b
 Test protocol 

c
 Relative magnitude; VH = very high, H = high, L = low, VL = very low 
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6.3.3 Failure in Cyclic Mode of Loading 

Two criteria have been adopted to define the cycle at which data can be used in the 

VECD characterization/verification process. Two different criteria are necessary because the 

CS and CX tests fail in quite different patterns and because each criterion captures one of the 

two possible reasons that it is inappropriate to use a given test result: 1) localization of 

damage at the point of a single macrocrack, or 2) the onset of additional dominating 

mechanisms that are not related to microdamage. To identify the point of macrocrack 

localization in these tests, the method suggested by Reese (1997), whereby the cycle at which 

the phase angle shows a sharp decrease, is taken as Nf.  

When processes other than damage mechanisms, such as viscoplasticity, begin to 

have a significant effect, then a test can no longer be used directly for characterization. 

Although at this time rigorous identification of this occurrence is not possible, it is believed 

that the onset of other mechanisms is closely related to the total amount of permanent strain 

experienced by the specimen. It is known from experience that the constant crosshead rate 

tests at 5°C and strain rates above 1 x 10
-5

 for unmodified mixtures and 1 x 10
-4

 for polymer-

modified mixtures are dominated by the viscoelastic damage mechanisms (Chehab et al. 

2003, Underwood et al. 2006). It is also known that for any given mixture, the tests 

performed at these rates show similar strain levels at the peak stress. These mixture-

dependent strain levels represent a known level below which VECD mechanisms dominate. 

The cycle in the fatigue tests at which the permanent strain (backcalculated from the 

measured permanent pseudo strain) exceeds this threshold is taken as the point after which 

data cannot be used for VECD characterization. 

When either of these two conditions is met, failure is said to have occurred, and all 

data gathered afterwards are ignored. Thus, all of the data shown in any of the subsequent 

graphs represent the data prior to this failure point. It is noted that for this study, all of the 

tests following the CX protocol failed via the first criteria whereas all of the CS tests failed 

via exceeding the threshold strain values. 
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6.3.4 Simplified Mechanical Modeling 

Recall that the rigorous VECD model is given by Equation (6.20) and that in this 

equation the variables eR, DC, and Dx are known at each time step, i, for the entire loading 

history. To characterize or apply this model to cyclic data then requires that the pseudo strain, 

pseudo stiffness, and damage are calculated and tracked for the entire loading history. An 

average test with 30,000 cycles to failure and 100 data points per cycle (to gain good cycle 

pulse definition and avoid computational irregularities) would then require the analysis of 

3,000,000 data points. Although this task is not impossible with modern computers, it is 

cumbersome even using advanced computational schemes. Further, experimental difficulties, 

such as data storage and electrical interference (noise and phase distortion), can lead to 

significant errors. The simplifications suggested here are implemented to alleviate these 

shortcomings.  

These simplified models can be separated into two main approaches, complete pseudo 

strain calculation and simplified pseudo strain calculation. The advantage of the first 

approach is that it provides a very accurate calculation of the pseudo strain magnitude and 

tracks any permanent pseudo strain during the test. The primary disadvantage of this 

approach is that, even with the efficiencies of the state variable formulation,  it takes time to 

perform all of the necessary calculations. The primary advantage of the second approach is 

computational speed, and the disadvantages are the potential errors in pseudo strain, 

particularly early in the test when the material state changes rapidly, as well as the inability 

to track any permanent pseudo strain that may evolve. In the following sections, both 

approaches are reviewed, and a final method that takes advantage of the benefits of each is 

proposed and verified.  

In the literature reviewed here, different definitions and variables have been used to 

represent the same quantity. To avoid confusion, a common set of variables has been defined 

and is summarized in Figure 6.3 for the CS and CX tests at an arbitrary cycle, i. Note from 

this figure the presence of two pseudo stiffness terms, a total pseudo strain-based value ( ) C
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and a cyclic magnitude-based value (F). The mathematical definition of each is given in 

Equations (6.23) and (6.24), respectively. The relationship between these two pseudo 

stiffness values can be found graphically from Figure 6.3, but is also given in Equation (6.25). 

The rigorously defined pseudo stiffness, C, is approximately the same as F, except that F is 

defined as a single quantity for a given cycle whereas for theoretical rigor C will evolve 

during a cycle. Note in each equation the presence of the factor, I, which accounts for 

specimen-to-specimen variability. This factor is determined by finding the initial slope (up to 

approximately 500 kPa of stress) of the stress-pseudo strain plot. This level is high enough 

not to be significantly affected by data noise, but not so high that damage becomes 

significant. This value typically has a range of 0.9 ~ 1.1. It is determined by performing 

simple linear regression up to the load level where insignificant damage occurs, 

approximately 500 kPa. 

( )
0, 0,

0,
* *

ta ta

R R R
m ta s

C
I I

s s

e e e
= =

+
 (6.23) 
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0, * *

ta ta
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ta m s

F
I I

s s

e e e
= =

-
 (6.24) 
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C F
e e

e

-
=  (6.25) 

It is also important to recognize that the four pseudo strains in the above equations are 

defined as:  

eRm  = the absolute pseudo strain at the peak;  

eR0,ta  = the pseudo strain tension amplitude;  

eR0,pp  = the peak-to-peak pseudo strain amplitude; and  

eRs  = the permanent pseudo strain. 
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Figure 6.3. Schematic view of the stress, pseudo strain and pseudo stiffness definitions used 

in the simplified and rigorous modeling approaches. 

 

6.3.4.1 Defining Alpha 

The power, a, in Equation (6.13) is found, through theoretical arguments that use the 

macrocracking phenomenon, to relate to linear viscoelastic time dependence (Schapery 1990). 

Motivated by earlier work on this subject (Lee and Kim 1998, Daniel and Kim 2002, Chehab 

et al. 2003, Underwood et al. 2006), here the maximum absolute value of the log-log slope of 

the relaxation modulus, m, is taken to represent the linear viscoelastic response. According to 

the theory, if the materialôs fracture energy and failure stress are constant, then a = 1/m + 1, 

but if the fracture process zone size and fracture energy are constant, then a = 1/m. A review 

of the literature shows that different researchers have used differing a values. Lee and Kim 

(1998) suggest that it is most appropriate to use a = 1/m for the type of CS tests that are 

performed in this current study, and a = 1/m + 1 for the CX tests. This approach is supported 

by the work of Daniel and Kim (2002) that uses the constant failure stress and energy criteria 

for the CX tests. It is also supported by the studies of Kim and Chehab (2004) and 

Underwood et al. (2006) that use CS-type tests and a = 1/m. Therefore, and based on these 
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previous efforts, this study uses a = 1/m + 1 for the CX tests, and a = 1/m for the CS tests. 

No attempt is made in this work to calibrate these relationships further. 

6.3.4.2 Identification of Tensile Loading Time 

To quickly analyze the cyclic data in the simplified mechanics model, it is important 

to identify the actual time that a given cycle is under tensile loading. This time is important 

because it is assumed that fatigue damage occurs only under such conditions. To determine 

this time, it is assumed that regardless of the input condition the following analytical function 

is descriptive of the stress history of any given cycle for the tests used in this study: 

()
( )( )

0,

1
cos

1ta

t
t

s
b w

s b
= -

+
, (6.26) 

where s0,ta is the tension stress amplitude. The b term, defined by Equation (6.27), is a factor 

that allows direct quantification of the duration that a given stress history is tensile. In 

Equation (6.27), (speak)i is the largest value within cycle i and (svalley)i  is the smallest value 

within cycle i. 

( ) ( )peak valleyi i

i

peak valleyi i

s s
b

s s

+
=

+
 (6.27) 

When b = 1, the entire stress (and therefore the pseudo strain minus permanent 

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

and when b = -1, the entire history is compressive. This last condition is not used for any of 

the tests in this study. It can be shown that the times during the load pulse at which tensile 

loading begins and ends for any given cycle are, in terms of the coefficient, b, and the 

loading frequency, w; 

()1cos
i

b
x

w

-

=  and (6.28) 
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()12 cos
f

p b
x

w

--
= . (6.29) 

Similarly, the times during the load pulse when the load is equal to half of the 

ultimate peak value are given by 

()1cos

2
i

p b
x

w

-+
=  and (6.30) 

()13 cos

2
f

p b
x

w

--
= . (6.31) 

Depending on the particular assumption used in the damage model, either the times in 

Equations (6.28) and (6.29) are used or the times in Equations (6.30) and (6.31) are used.  

6.3.4.3 Simplified Mechanics Model-NCSU 

In total, three methods have been developed at North Carolina State University 

(NCSU) for simplified mechanics analysis; these methods are referred to as Methods A, B, 

and C. The main trait that they share is that the pseudo strain is calculated using rigorous 

mathematics for the entire loading history, i.e., Equation (6.5).  

Also common amongst the three methods is the calculation of damage during the first 

load path. Because significant damage can occur along this load path, and because the first 

load path is essentially the same as a constant rate loading, the rigorous calculation shown in 

Equation (6.5) is used. After this time, however, the simplified calculation method is used. 

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

as the transient calculation and the remaining calculations as the cyclic calculations. These 

definitions are shown mathematically in Equation (6.32), where it should be understood that 

xp refers to the reduced pulse time. 

Transient p

Cyclic p

dS
dS
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x x

x x

¢ë
=ì
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The final commonality of these methods is the definition of the specimen-to-

specimen correction factor, I, defined earlier. Note that all of the simplified models can be 

reduced to a so-called common form, shown in Equation (6.33), where the variable R is a 

form adjustment factor and is method-dependent. The subscript k is only a placeholder to 

represent the respective method and to designate the value of the factor R as method-

dependent. 

( ) ( ) ( )
1 12
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, 0. * *
2
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ae x x
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 (6.33) 

Method A: The first attempt at simplification begins with the previous formulation proposed 

by Daniel and Kim (2002), shown in Equation (6.34).  
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 (6.34) 

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

particular tests performed by the researchers who developed Equation (6.34), 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 w/(2p), and using the definition of stress shown in Equation (6.26), 

the factor M can now be rigorously calculated using Equation (6.35). 

()1cos1 1
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2M
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p

-å õ
= -æ öæ ö
ç ÷

 (6.35) 

The additional consequence of this 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 linearly reducing the pseudo 

stiffness is supported through the rigorous mechanical modeling technique (Kim and Chehab 

2004, Underwood et al. 2006) and is retained in Method A. To validate this assumption, 

damage growth is restricted to conditions under which the stress is between the peak value 
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and half of the peak value (on both the loading and unloading sides). This assumption is 

shown schematically in Figure 6.4. 

 

 

Figure 6.4. Schematic of effect of M factor on dC/dt used in calculations. 

 

The major difference between the method of Daniel and Kim and Method A is that 

Method A takes into account the time-varying nature of the pseudo strain in a mathematically 

rigorous way. This rigorous analysis evaluates the way that Equation (6.20) interprets 

damage growth within a cycle, Equation (6.36), and then equates it to a simplified function, 

Equation (6.37). 
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In these equations the effective pseudo strain is defined by Equation (6.38) and the 

factor Q is defined by Equation (6.39). The rate of change of C in Equation (6.36) can be 

approximated by assuming a linear change within the cycle, Equation (6.40). Then, the 

change in time between the discrete points can be found in terms of M and the number of 

data points within the analysis range, N, from Equation (6.41). 

*
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Substituting these relationships into Equation (6.36), collecting terms, and noting that 

the effective pseudo strain history, ee
R
(x), is given by Equation (6.38), the factor Q for 

Method A, QA, can be shown to equal Equation (6.39). 

Although the damage formulation in Equation (6.37) is presented for a single cycle, it 

is not necessary to compute the damage in each individual cycle. As long as the d and dx 

terms are taken consistently, Equation (6.42) can be used to compute the damage growth 

between cycle i and cycle j. 
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Equation (6.37) can be recast into the common form given in Equation (6.33) using 

the relationship between  and F (Equation (6.25)). By this substitution it can be shown that 

the form adjustment factor is given by Equation (6.43) where the initial and final times for 

C

C
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the summation are taken from Equations (6.30) and (6.31). For most mixtures, this value 

ranges from 0.6 to 0.7 for the CX tests and 0.6 to 1.4 for the CS tests. From these equations it 

is found that in order to utilize Method A, the pseudo strain amplitude and the permanent 

pseudo strain must be known for each cycle.  

( )( )
2

12
1

1 0.

1
*

RN
m

A j R
j ta

R f
N

a
aa

a e
x

e

+
+

=

å õå õè ø
=æ öæ öé ù

ê úç ÷ç ÷
ä  (6.43) 

Method B: A slightly different version of Method A can be derived using only the cyclic 

pseudo strain to compute the energy and thus the damage. This is the approach suggested by 

Lee and Kim (1998) and is different from the previous approach, only if the permanent 

pseudo strain is significant. The functional form is shown in Equation (6.45).  
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To solve for QB, the approach shown in Equations (6.36) to (6.39) is used with 

Equation (6.45) instead of Equation (6.37), and Equation (6.44) instead of Equation (6.36). It 

is noted that the effective pseudo strain is now given by Equation (6.46). With these changes, 

the resulting Q factor for Method B is found to be 
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To give Equation (6.45) in the common form, the same relationship between  and F 

used in Method A, Equation (6.25), is applied, and it is found that for Method B  the 

adjustment factor is given by Equation (6.48). 
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This relationship is equivalent to that of Method A, if the permanent pseudo strain is 

negligible; when this is not the case, Method B shows a reduced sensitivity to the permanent 

pseudo strain. The reason these differing derivations are found in the literature is that the data 

used to develop the theory behind Method A were mostly CX test results. Conversely, both 

CS and CX tests were included in the experimental program used by Lee and Kim (1998).  

 

Method C: The third method assumes that all the effects of damage are shown through a 

reduction of the cyclic pseudo stiffness, F. This assumption does not mean that damage 

affects only the cyclic pseudo stiffness, but simply that this pseudo stiffness wholly reflects 

damage effects. The form adjustment factor for this method, RC, is found by assuming that 

Equation (6.50) can be used to simplify the more rigorous Equation (6.49).  
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Setting Equation (6.50) equal to Equation (6.49) and noting that 
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gives 
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Finally, if it assumed that within a cycle ÖF/ÖS is nearly constant and if it is recalled that the 

effective pseudo strain history is given by Equation (6.46), then 
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which simplifies to 
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The implication of assuming that ÖF/ÖS is nearly constant is not explored in this study. 

However, in the context of fatigue where failure often requires thousands to millions of 

cycles, it is felt that such an assumption is valid.  

It can be shown that for the common form, the R factor for Method C, RC, is equal to 

K1 raised to a power that is a function of a, as shown in Equation (6.55), where the times for 

the integral in this equation are defined by Equations (6.28) and (6.29). The values for this 

adjustment factor are approximately equal to 0.77 for the CX tests and 0.70 for the CS tests 

for most mixtures. In contrast to Methods A and B, Method C requires that only the pseudo 

strain amplitude and the loading function, f(x), are known. 
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6.3.4.4 Simplified Mechanics Model-FHWA 

The principal difference between the FHWA method of analysis and the methods 

derived at NCSU is the use of a simplified methodology of calculating the pseudo strain. The 

simplification is shown in Equation (6.56), where |E*|LVE is the linear viscoelastic dynamic 
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modulus defined from a separate test, i.e., AASTHO TP 62, and is specific to the temperature 

and frequency of the fatigue test under consideration. This simplification is heretofore 

referred to as the steady-state assumption because it is theoretically accurate for the condition 

of zero-mean stress steady-state conditions (Ferry 1961, Tschoegl 1989).  

0 0 * *R

LVE
Ee e=  (6.56) 

For the FHWA method, the pseudo strain is computed based on peak-to-peak values, 

and is denoted by a comma subscript, pp. Thus, this method assumes that the total energy, 

tension, and compression lead to damage growth. Although the FHWA method uses the term 

C in its derivation, this variable is changed to F*  here for clarity. Although not shown here, 

note that F*  and F in the common function (Equation (6.33)) are very similar and differ only 

due to slight errors in the steady-state assumption and the definitions of  and I. F*  is 

defined by 
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where |E*|N is not the theoretically accurate |E*| at cycle N, but is instead the ratio of stress 

and strain at cycle N. The term  is defined by  
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Like the I factor, ĔI is meant to account for specimen-to-specimen variability. 

However, because in theory the dynamic modulus cannot be defined for a single cycle, the ĔI

term also includes transient effects that inherently make its range, 0.61 ~ 1.06 (Kutay et al. 

2008), much wider than that typically found for I (0.9 ~ 1.1). Although the CS protocol 
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followed by Kutay et al. was not the same as the one used in this research the same definition 

proposed by these researchers for a, i.e., a = 1/m, is universally applied. 

In the FHWA method, damage is expected to grow by: 
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A comparison of the common form in Equations (6.33) and (6.59) shows that their 

differences are four-fold: 

¶ Use of F*  versus F; 

¶ Lack of form adjustment factor in Equation (6.59); 

¶ Use of peak-to-peak values in Equation (6.59) and tension-amplitude values in 

Equation (6.33); and 

¶ Differences in specimen-to-specimen normalization factors in the two equations. 

6.3.4.5 Application of Models 

Theoretical arguments may be made for each of the aforementioned equations. The 

question arises as to which best describes the global behavior of asphalt concrete. To answer 

this question, the tests listed in Table 6.2 have been processed using each of the four methods. 

In addition, for each of the tests the damage characteristic curve is known from constant 

crosshead rate tests. The methodology that best collapses cyclic-to-cyclic and cyclic-to-

monotonic damage characteristic curves is the most desirable for describing the behavior of 

asphalt concrete.  

Typical results from the characterization using the first four methods are shown for 

the Control mixture in Figure 6.5 (a-d). It is seen from this figure that the two methods that 

explicitly consider permanent pseudo strain (Methods A and B) show the worst collapse, not 

only between methods (CS with CX) but also within each method (CS with CS or CX with 

CX). When permanent pseudo strain is not considered, i.e., in Method C and the FHWA 

method, a good collapse occurs between protocols (CS with CS and CX with CX). It should 
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be understood that these differences in collapse are not related to the fact that the FHWA 

method simplifies the calculation of pseudo strain because Method C extracts the pseudo 

strain amplitude from the rigorous calculation of pseudo strain. Instead these differences are 

related to the errors associated with including permanent pseudo strain energy directly in the 

computation of damage. Furthermore, Method C, which adjusts for the time-varying nature 

of the loading input and also considers damage growth only under tensile loading, shows a 

good collapse between cyclic and monotonic loading.  

Not all mixtures show such a good collapse, and the worst case scenario of the 

mixtures considered, CRTB, is shown in Figure 6.6 (a-d). It should also be observed that for 

this mixture, errors associated with the inclusion of permanent pseudo strain are greater than 

with the Control mixture. These observations suggest that microdamage does wholly exhibit 

itself through a reduction in the cyclic pseudo stiffness.  

From Figure 6.5 (d) and Figure 6.6 (d) it is seen that the FHWA method does a good 

job collapsing the individual protocols (CS with CS and CX with CX), but does not 

successfully collapse the two protocols together, nor does it collapse with the monotonic 

curve. The cause of the lack of collapse between fatigue protocols is the use of peak-to-peak 

values in Equation (6.59). This assumption implies that if the loading includes both tension 

and compression, the energy absorbed in both directions is responsible for damage growth. 

The authors believe, but cannot provide conclusive experimental proof to the effect, that this 

assumption is erroneous for asphalt concrete. It is the authorsô belief that damage relating to 

the fatigue process occurs, at least to a high degree of approximation, only during tensile 

loading. Damage may occur during compression, but this damage is not believed to be 

directly related to the fatigue response of the material. Others (Kutay et al. 2008) may not 

have come to this conclusion because these researchers used push-pull controlled stress and 

controlled crosshead testing, which have similar loading histories even though one is 

controlled stress and the other is controlled crosshead. The reason for a lack of collapse of 

either of these curves using the monotonic data is due to the lack of the form adjustment 

factor, R.  
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Figure 6.5. Comparison of model methodologies for; (a) Control-Method A, (b) Control-

Method B, (c) Control-Method C, and (d) Control-FHWA method. 
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Figure 6.6. Comparison of model methodologies for; (a) CRTB-Method A, (b) CRTB-

Method B, (c) CRTB-Method C, and (d) CRTB-FHWA method. 
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Figure 6.7. Comparison of model methodologies for the Control mixture using a = 1/m; (a) 

Method A, (b) Method B, (c) Method C, and (d) FHWA method. 
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Figure 6.8. Comparison of model methodologies for the Control mixture using a = 1/m + 1; 

(a) Method A, (b) Method B, (c) Method C, and (d) FHWA method. 

 

 
Figure 6.9. Comparison of model methodologies for the CRTB mixture using a = 1/m; (a) 

Method C and (b) FHWA method. 
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