
ABSTRACT 
 
UNDERWOOD, BENJAMIN SHANE.  Experimental Investigation and Constitutive 
Modeling of Asphalt Concrete Mixtures in Uniaxial Tension. (Under the direction of Dr. 
Y. Richard Kim). 
 

Performance modeling of asphalt concrete pavements is one of the most difficult, 

but important tasks facing pavement engineers.  Experiences at North Carolina State 

University suggest that this task is best accomplished by utilizing two separate models; 

one to account for the material behavior and another to account for boundary conditions, 

such as tire-pavement interaction, temperature gradient along the layer thickness, 

pavement structural design, etc.  The material characterization model should focus on the 

material irrespective of geometry, i.e., fundamental properties.  The structural model 

should be robust enough to account for the range of conditions experienced by pavements 

in service.  Two peer-reviewed and published papers are presented here which deal with 

the development of a constitutive material model for asphalt concrete.  In the first, the 

viscoelastoplastic continuum damage model in tension is applied to materials from the 

Federal Highway Administration’s Accelerated Load Facility study on modified mixture 

performance.  It is shown that the material model is capable of describing the behavior of 

the tested mixtures over a range of conditions from primarily viscoelastic to primarily 

viscoplastic.  Further, the model shows sensitivity to changes in asphalt binder and the 

ability to predict the behavior of asphalt concrete mixtures containing polymer modified 

binder.  The second paper presents results from an experimental study of anisotropy in 

asphalt concrete.  Anisotropy occurs due to the preferential orientation of aggregate 

particles in the mixture and is found to have varying levels of significance depending on 

both the mode of loading and the levels of deformation applied.  In the linear viscoelastic 



 

range, anisotropy is found to have little effect on the material behavior, whereas under 

monotonic compressive loading until failure, it is found to contribute significantly.  

Further, it is found that temperature and rate affect the significance of anisotropy in 

asphalt concrete.  Conclusions and plans for future work are also presented. 
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CHAPTER 1 INTRODUCTION 

Asphalt concrete pavements, one of the largest infrastructure components in the 

United States, are complex systems that involve multiple layers of different materials, 

various combinations of irregular traffic loading, and varying environmental conditions.  

The complexity of this system makes realistic prediction of the long-term service life of 

asphalt pavements one of the most challenging and important tasks for pavement 

engineers. Historically, such predictions have relied on the use of empirical relationships 

between field performance and laboratory measured quantities.  Such techniques, cannot 

account, though, for much of the complex loading and environmental factors that are 

present in the field.  It is desirable then to use a more mechanistic approach relying on the 

fundamental behavior of the constituent materials to predict the performance of these 

structures. 

The performance of asphalt concrete pavements is closely related to the 

performance of asphalt concrete.  Asphalt concrete is a visco-elastoplastic, bimodal 

composite material consisting of a bituminous binding agent and aggregate particles of 

varying sizes.  Prediction of the material performance is complicated by the composite 

nature of the material, viscoelastic properties of the binder, the plastic and viscoplastic 

flow of the binder, the presence and growth of microcracks in the material, friction 

between aggregate particles and the interaction of these mechanisms.  Anyone of these 

factors may contribute to failure of asphalt concrete pavements, but the influence on 

performance may be separated according to the mode of loading where they become 

significant.  In general, performance predictions focus on failure modes relating to the 

compressive properties of the material, permanent deformation, or to the tensile 
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properties, cracking.  This thesis deals primarily with the latter. 

One of the primary failure modes in asphalt pavements is fatigue cracking, which 

occurs because of the extensive cyclic application of load and/or variations in 

temperature.  Such cracking may begin at the bottom of the asphalt concrete layer and 

propagate upwards (bottom-up cracking) due to bending stresses at the bottom of the 

layer.  Conversely it may begin at the top of the asphalt concrete layer and propagate 

downwards (top-down cracking) due to complex loading mechanisms occurring at the 

surface of the pavement.  Regardless of the cause, fatigue damage presents itself on the 

surface of the pavement as cracks in the direction of traffic flow and after further damage 

as a pattern of cracked square to circular shaped regions.   

Failure due to fatigue cracking is a major concern as it severely reduces usability 

and also increases the rate of pavement deterioration by allowing water to more freely 

enter the pavement system.  Traditional empirical methods typically assess mixture 

performance by applying repeated cyclic bending stresses to prismatic specimens and 

correlating the results to experiential observations.  The applicability of such methods for 

performance prediction is severely degraded when conditions change beyond those used 

to develop the initial correlation.  Furthermore, the combined elements of material and 

structure within the test method complicate the assessment of true material behavior.   

The paper presented in Chapter 2 discusses the development of a fundamentally 

based viscoelastoplastic continuum damage model (VEPCD) for describing the uniaxial 

tensile behavior of asphalt concrete.  The model utilizes linear viscoelastic theory, work 

potential theory and strain hardening viscoplasticity concepts to define a constitutive 

relationship for asphalt concrete in the tensile state.  Such a model may be implemented 
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into a finite element based structural model to assess and predict the performance of the 

mixtures under field conditions.  In addition to presenting the VEPCD model and the 

results from characterization, Chapter 2 also demonstrates that the model is sensitive to 

material parameters and that the important concept of time-temperature superposition 

with growing damage applies to mixtures with modified binder.   

For more accurate material performance modeling, the VEPCD model may need 

to be extended to account for the state of stress.  The theoretical framework for this 

extension is in place, but it must be shown that the material properties are initially 

isotropic and then with damage that the material becomes transversely isotropic.  Such an 

assessment requires a detailed examination of the anisotropy in asphalt concrete mixtures.  

An experimental study has been performed to this end and the results are presented in 

Chapter 3.  The chapter does not deal exclusively with the tensile properties of asphalt 

concrete mixtures.  Instead, the experimental study covers a range of behaviors including 

linear viscoelastic, damage states in tension and damage states in compression.  Results 

of this study confirm the presence of anisotropy in asphalt concrete mixtures, but also 

demonstrate that it is an important mechanism only after exceeding the linear viscoelastic 

limits of the material under compressive loading.   

The two aforementioned papers both deal with issues in constitutive modeling of 

asphalt concrete.  The first paper presents the development and characterization of a 

viscoelastoplastic continuum damage model for describing the uniaxial tensile behavior 

of asphalt concrete. To advance this model further to consider stress state dependence, it 

is necessary to examine the anisotropic nature of the material.  The second paper 

examines this issue in detail and finds that anisotropy is highly dependent on the external 
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conditions that are applied to the material.  Such a finding is crucial for advancing the 

understanding of asphalt concrete behavior, and thus performance modeling of asphalt 

concrete pavements.  Conclusions drawn from this work and future research directions 

are presented in Chapter 4.  Finally, appendices are presented which provide details that 

could not be included in the original texts.     
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CHAPTER 2 CHARACTERIZATION AND PERFORMANCE 

PREDICTION OF ALF MIXTURES USING A 
VISCOELASTOPLASTIC CONTINUUM DAMAGE MODEL 

2.1 Abstract 

This paper presents an argument for the utilization of constitutive models to predict 

fatigue performance.  The argument is made within the framework of the 

viscoelastoplastic continuum damage (VEPCD) model.  Four asphalt concrete mixtures, 

each a part of an ongoing study at the Federal Highway Administration’s Accelerated 

Loading Facility (FHWA ALF), are characterized using this model.  Polymer-modified 

asphalt binders are used with three of the four mixtures.  Comparisons of linear 

viscoelastic, viscoelastic damage and viscoplastic properties are provided.  Further, it is 

shown that the time-temperature superposition principle with growing damage is not 

limited to mixtures with simple asphalt binders and applies even to those with polymer-

modified asphalt binders.  The VEPCD model is shown to accurately predict material 

behavior over a range of conditions different than those used to characterize the model.  

Finally, experimental results are presented which show that fatigue performance is a 

complicated phenomenon dependent on many factors that may not be taken into account 

easily in current empirical procedures.   

2.2 Introduction 

Fatigue cracking of asphalt pavements, along with permanent deformation, is 

known to be a major form of pavement distress in the United States.  Such cracking 

occurs due to extensive cyclic applications of load and/or variations in temperature.  The 
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typical understanding of this cracking phenomenon suggests that these cycles create areas 

of tensile strain at the bottom of the pavement layer, which in turn lead to the initiation of 

microcracks.  Under repeated loadings these microcracks densify, coalesce, propagate 

and eventually develop into more visible macrocracks on the pavement surface.  Further 

research in recent years also suggests that under certain conditions, cracking can begin at 

the top of the pavement and progress downwards (1-3).   

Traditional fatigue testing and performance prediction are based on empirical 

methods that are developed from the so-called bottom up understanding of fatigue 

cracking.  For fatigue assessment, these methods rely on the simulation of field 

conditions in the laboratory.  As such, typical methods apply cyclic bending stresses to 

asphalt beams of a particular dimension and support condition (4).  Tests are performed 

in either controlled stress or controlled strain conditions.  Using such methods alone can 

lead to gross errors in performance prediction when field conditions change considerably 

from those used in the laboratory.  Further complicating the matter with these methods is 

the combination of elements of material and structure.  This shortcoming can be 

overcome, however, by separating these two behaviors and focusing on the material 

separately from the structure.   

Results of the Strategic Highway Research Program (SHRP) A-003 project 

acknowledged the need to combine, in some way, material and structural components (4, 

5).  Here, researchers conclude that experimental work should be performed to extract 

fatigue properties and that mechanistic analysis should be performed to calculate stresses 

and strains in the pavement structure.  While the researchers made considerable advances 

in beam fatigue testing, an ever-present shortfall of these tests could not be overcome.  
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This shortcoming is related to the inability of the test to truly separate the material from 

the structure.   

The purpose of this paper is to show that by using constitutive models that make 

rigorous theoretical considerations, material behavior can be accurately described using a 

simplified laboratory program.  The benefits of such an approach lie in the constitutive 

models’ use of the fundamental properties that govern material behavior.  That is, 

changes in external conditions, such as temperature and loading level, are easily taken 

into account without the need for additional experimentation.  When combined with a 

structural model, such as in finite elements, this approach can then account for any 

combination of pavement structure, traffic and environmental condition.   

2.3 Background 

2.3.1 Historical Perspective 

The foundation for the work presented here was laid in the work of Kim and Little 

(6).  These researchers successfully applied Schapery’s nonlinear viscoelastic constitutive 

theory for materials with distributed damage to describe the behavior of sand asphalt 

under controlled strain cyclic loading.  Later research shows that this theory can also 

describe the behavior of asphalt concrete under both controlled stress and controlled 

strain cyclic loading (7, 8).  This early work, however, required characterization of the 

model through cyclic testing.   

Work by later researchers shows that the damage characteristics of a material are 

independent of the mode of loading and can be determined using simpler tests (9).  

Further, verification of the time-temperature superposition principle at high levels of 

damage is an equally significant discovery (10).  These two findings significantly reduce 
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the required testing protocol while simultaneously extending the realm of application for 

the model.   

The most recent work by Chehab et al. (11) utilizes Schapery’s theory along with 

strain decomposition to account for both viscoelastic and viscoplastic strains.  It is this 

work that forms the foundation for the current research.     

2.3.2 Modeling Theory 

Schapery’s theory is based on elements of linear viscoelasticity and continuum 

damage mechanics.  A practical review of these basic theories is given in the following 

subsections.  For a more rigorous treatment of the subject, the reader is referred to 

previous work (6-11) and to the work of Schapery (12-14).  Background on the 

viscoplastic model is not provided due to its simplistic nature.  Instead, the reader is 

directed to the work of others (11, 14, 15) for a detailed review.   

2.3.2.1 Linear Viscoelasticity 

Linear viscoelastic (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).  By contrast, the response of an elastic material is only 

dependent on the current input.  Constitutive relationships for LVE materials are typically 

expressed in the convolution integral form, as shown in Equations (2.1) and (2.2): 

( )
0

t dE t d
d

εσ τ τ
τ

= −∫    and   (2.1)  

( )
0

t dD t d
d
σε τ τ
τ

= −∫ ,   (2.2) 
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where E(t) and D(t) are the relaxation modulus and creep compliance, respectively (τ 

term is the integration variable). 

2.3.2.2 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, Schapery’s 

work potential theory, based on thermodynamic principles, is appropriate for the purpose 

of quantifying damage. Within Schapery’s theory, damage is quantified by an internal 

state variable (S) that accounts for microstructural changes in the material. 

2.3.2.3 Correspondence Principle 

Schapery’s damage theory, originally developed for elastic materials (16), is 

generalized for viscoelastic materials using the 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:  

( )
0

1 t
R

R

dE t d
E d

εε τ τ
τ

= −∫ .   (2.3) 
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Here, ER is a particular reference modulus, typically taken as one.  Using pseudo 

strain in place of physical strain, the constitutive relationship presented in Equation (2.1)

can be rewritten as: 

R
REσ ε= .   (2.4) 

It is seen from Equation (2.4) that a form corresponding to that of a linear elastic 

material (Hooke’s Law) is taken when strains are replaced by pseudo strains.  More 

theoretical details of this concept can be found elsewhere (9, 16, 17).  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.  For viscoelastic materials a reduction in the 

secant modulus is also related to the time effects.  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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Figure 2.1.  Constant crosshead test results in: (a) stress-strain space and (b) in stress-
pseudo strain space 

 
As evidence, the results of two typical monotonic tests are presented in Figure 2.1 

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 2.1a, 
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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 2.1b, 

damage does not commence at the outset of loading and, in fact, does not begin until the 

stress level reaches approximately 500 kPa.     

2.3.2.4 Viscoelastic Continuum Damage Theory 

The viscoelastic continuum damage (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 (2.5)):   

*RC
I

σ
ε

= .   (2.5) 

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 (9).  With these considerations, the nonlinear 

constitutive relationships used for this research are given by Equation (2.6)for stresses 

and Equation (2.7) for strains: 

( ) RC Sσ ε=   and   (2.6) 

( )
( )

0

t

ve R

d
C S

E D t d
d

σ

ε τ τ
τ

 
  
 = −∫ .   (2.7) 

In comparing Equation (2.7) to Equation (2.2), a striking similarity is observed.  

Equation 2, it is recalled, is the constitutive relationship for linear viscoelasticity with a 
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stress input.  Described simply, the modeling approach uses the given input (σ) to 

determine the input if no damage has occurred (εR), and then utilizes the LVE constitutive 

relationships to find the response.    

2.4 Materials and Specimen Fabrication 

Four different mixtures from an ongoing study at the Federal Highway 

Administration’s Accelerated Loading Facility (FHWA ALF) were used for this study.  

The aggregate structure for each of the mixtures was held constant and was a coarse12.5 

mm NMSA mixture comprised of 18.0% #68 stone, 36.4% #78 stone, 17.1% #10 stone, 

27.5% sand, and 1.0% lime.  The blended gradation is shown in Figure 2.2.  Four asphalt 

binders, three polymer-modified and one unmodified, of similar performance grading 

were used for this study.  Table 2-1 summarizes the relevant information for each of these 

binders.  The asphalt content for each mixture was set at 5.3% by total mix mass. 

All specimens were compacted by the Superpave gyratory compactor, to a height 

of 178 mm and a diameter of 150 mm.  To avoid negative effects from the test conditions 

and to obtain specimens of uniform quality, these samples were cored and cut to a height 

of 150 mm and a diameter of 75 mm for testing.  More details on these issues can be 

found elsewhere (9, 17).   

After obtaining specimens of the appropriate dimensions, air void measurements 

were taken via the core-lock method, and specimens were stored until testing.  It is noted 

that the air voids for all tests in this study are between 3.5 and 4.5%.  During storage, 

specimens were sealed in bags and placed in an unlit cabinet to reduce aging effects.  In 

addition, no test specimens were stored for longer than two weeks before testing. 
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Table 2-1.  Relevant Asphalt Binder Information 

Binder Designation PG 
Grade 

Cont. PG 
Grade 

Unmodified Control 70-22 72-23 
Crumb Rubber Term. Blend CR-TB 76-28 79-28 
Styrene-Butadiene-Styrene SBS 70-28 74-28 

Ethylene Terpolymer Terpolymer 70-28 74-31 
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Figure 2.2.  Mixture gradation chart 

 

2.5 Test Methods 

Prior to all testing, steel end plates were glued to the specimen with DEVCON 

steel putty.  Extreme care was taken to completely clean both the end plates and the 

specimen ends before each application.  It was observed early in the testing that failure to 

do so could result in the premature failure of the test.  To ensure specimens were properly 
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aligned, a special gluing jig was employed that ensured the end plates were parallel and, 

thus, minimized any eccentricity that might occur during the test.   

Measurements of axial and, in some instances, radial deformations were taken 

during loading.  Axial measurements were taken at 90° intervals over the middle 100 mm 

of the specimen with loose-core LVDTs from IPC Global.  Radial deformations, when 

taken, were measured at 90° intervals with spring-loaded LVDTs from IPC Global.  

These measurements were taken on the central plane of the specimen.  Load, crosshead 

movement and deformation data for the specimen were acquired and stored for each test.   

A MTS closed-loop servo-hydraulic loading frame was used for all the tests.  

Depending on the nature of the test, either an 8.9 kN or a 25 kN load cell was used.  An 

environmental chamber, equipped with liquid nitrogen coolant and a feedback system, 

was used to control and maintain the test temperature.   

The tests performed for this research can be divided into two realms, nondamage-

inducing and damage-inducing.  The nondamage-inducing tests were used to ascertain the 

LVE properties of the materials, while the damage-inducing tests were used to develop 

and validate the model.   

The damage-inducing tests include constant crosshead rate tests, constant 

crosshead cyclic tests and random load cyclic tests.  For characterization purposes, the 

constant crosshead rate tests were performed at 5° and 40°C.  For validation purposes, the 

constant crosshead rate tests and random load tests were performed at 25°C.   

2.6 Modeling Approach 

The structure of the VEPCD model is based on the strain decomposition principle 

derived by Schapery (14).  Through this principle, strain may be separated and modeled 
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by component (i.e., elastic, linear viscoelastic, viscoplastic, etc.).  For the VEPCD model, 

elastic, linear viscoelastic and strains due to microcracking damage are combined in a 

single term (εve) and plastic and viscoplastic strains are combined in another (εvp).  With 

this principle, the total strains are expressed as 

total ve vpε ε ε= + .   (2.8) 

The underlying principles of the VEPCD modeling approach are linear 

viscoelasticity, continuum damage mechanics and strain-hardening viscoplasticity.  A 

practical review of these basic theories is given in the following subsections.  For a more 

rigorous treatment of the subject, the reader is referred to previous work (6, 7, 8, 9, 10, 

11) and to the work of Schapery (12, 13, 14) for linear viscoelasticity and continuum 

damage mechanics.  For a detailed review of strain-hardening viscoplasticity, the reader 

is directed to the work of others (11, 14, 15).   

2.6.1 Linear viscoelastic characterization 

LVE properties were assessed by dynamic modulus tests.  In general, the protocol 

from AASHTO TP-62 was followed (19).  Table A-1 through Table A-4 shows that the 

unmodified mixture was tested at four temperatures and eight frequencies while the other 

mixtures were tested at five temperatures and six frequencies.  Although different 

temperatures and frequencies were used, both methods cover the same range of material 

behavior.  Load levels for these tests were determined by a trial and error process so that 

the resulting strain amplitudes were between 50 and 70 microstrains.  Based on the work 

of other researchers, it was felt that this criterion ensures an accurate viscoelastic 

characterization (11, 20).  Only the zero mean stress (tension and compression) method 

was used in this research. 
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The measured dynamic modulus values were used to construct mastercurves for 

the phase angle and dynamic modulus, according to the procedure outlined elsewhere 

(11).  It should be recalled that asphalt concrete in the LVE range is thermorheologically 

simple (TRS) and, as such, the effects of time and temperature can be combined into a 

joint parameter, reduced time/frequency, through the time-temperature shift factor (aT).  

Figure 2.3 and Figure 2.4 present the dynamic modulus for a typical test in both the 

unshifted and shifted conditions, respectively.  To develop the mastercurves shown in 

Figure 2.4, the data in Figure 2.3 was shifted horizontally by temperature.  The shifting 

distance is quantified with the time-temperature shift factor, and Figure 2.5 presents these 

factors at each temperature along with the fitting curve.  Using the data in Figure 2.4 and 

Figure 2.5, it is possible to predict the stiffness at any frequency and temperature. 

Assessing the LVE properties via the complex modulus has the following 

advantages: 

1. The long loading time required to assess the time-dependent material properties in 

the time domain may actually damage the specimen and lead to incorrect values. 

The cyclic complex modulus test, especially in the tension-compression mode with 

zero mean strain, can cover a wide range of conditions without inducing damage in 

the specimen. 

2. It is difficult to obtain the relaxation modulus and creep compliance experimentally 

at very short times. However, through the use of complex modulus and linear 

viscoelastic theory, short time values of these properties can be calculated. 

3. Small amounts of viscoelasticity can be measured more accurately using the 

complex modulus test than using creep or relaxation tests. 
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4. The modulus or compliance measured in the cyclic test can be used directly in the 

analysis of the dynamic response of structures to cyclic and transient loading. 
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Figure 2.3.  Typical unshifted dynamic modulus in: (a) semi-log space and (b) log-log 
space 
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Figure 2.4.  Typical dynamic modulus mastercurve in: (a) semi-log space and (b) log-log 
space 



20 

2.491

0.000

-4.068

-6.015

y = 0.0007x2 - 0.1627x + 0.7966

-8

-6

-4

-2

0

2

4

-15 0 15 30 45 60
Temperature (C)

Lo
g 

Sh
ift

 F
ac

to
r

 

Figure 2.5.  Log shift factor function for a typical mixture 

 

Although assessment by the complex modulus protocol is advantageous, the 

modeling approach presented here requires material response functions in the time sense 

(e.g., Equations (2.1) and (2.2)).  Numerous methods of varying accuracy have been 

proposed to convert frequency-dependent properties to the corresponding time-dependent 

properties.  Because the methods utilized in this research are slightly different than those 

in previous efforts, but not critically important to the issues at hand, a brief summary of 

the process is presented in the appendix. 

2.6.2 Viscoelastic damage characterization 

Viscoelastic damage characterization refers to the development of the 

characteristic damage relationship, i.e., the C vs. S relationship.  Although it is has been 

shown that such characterization can be performed under any loading condition (9), the 
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simplest method is the constant crosshead rate test.  The only requirement for this test is 

that viscoelastic damage mechanisms dominate the material behavior, such as when the 

material is at low temperatures or when it is loaded at very fast rates.  In this study, 

characterization was performed at 5°C.  This temperature is convenient because it allows 

for moderate strain rates and does not require consideration of any dynamic effects that 

might be related to extremely high strain rates.  Table A-1 through Table A-4 summarize 

the strain rates used for this purpose for each mixture. 

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

In previous work, the solution to Equation (2.3) was presented through a linear piecewise 

technique (Equation(2.9)).  Such a technique, though fundamentally sound, is profoundly 

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

the need to analyze all the time steps that precede the time step of interest thus resulting 

in exponentially increasing analysis time for increasing data amounts.  To overcome this 

shortfall, a method commonly used in computational mechanics, the state variable 

approach, was utilized. 

( ) ( ) ( )
1 2

1 1

1 2

0

1 n

n

tt t
R n

R t t

dd dE t d E t d E t d
E d d d

εε εε τ τ τ τ τ τ
τ τ τ

−

 
= − + − + + − 

  
∫ ∫ ∫ . (2.9) 

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

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

in the literature (21).  In a physical sense, though, the state variable approach assigns a 

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

(Equation A-3).  This variable then tracks the behavior, or state, of the given element 

throughout loading.  The formulation used in this research is shown in Equation(2.10):   
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( )1 1 1
0

1

1 m
nR n n

i
iRE

ε η η+ + +

=

 
= + 

 
∑ ,   (2.10) 

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

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

given by Equations (2.11) and (2.12), respectively: 

( )1 1 0
0
n nEη ε ε+ +

∞= −  and   (2.11) 

( )21 1i i
t t

n n n n
i i ie E eρ ρη η ε ε

−∆ −∆
+ += + − .   (2.12) 

Equation (2.10) is a remarkably efficient solution technique for pseudo strains. 

For comparative purposes, a data set of 4000 points requires approximately 100 seconds 

to analyze using Equation 8, but requires only 1.5 seconds if analyzed by (2.9).    

Pseudo strain and stress are used in Equation (2.5) to calculate the pseudo secant 

modulus.  It should be noted here that, in the strictest sense, Equations (2.3) and (2.4) are 

only applicable to conditions where there are no viscoplastic strains.  When pseudo 

strains are calculated using both viscoelastic and viscoplastic strains, the resulting 

quantity is referred to as apparent pseudo stiffness, CA (Equation (2.13)):   

( ) ( )
0

*
A t

ve vp

C
d

I E t d
d

σ
ε ε

τ τ
τ

=
 +
 −
 
 
∫

.   (2.13) 

Damage Calculation 

The work potential theory specifies an internal state variable, S, to quantify 

damage.  This internal state variable quantifies any microstructural changes that result in 

the observed stiffness reduction.  For asphalt concrete in tension, this variable is related 

primarily to the microcracking phenomenon.  This report highlights only components 
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new to this research since significant theoretical work has been dealt with by others (7, 9, 

11, 18).   

As with most damage theories, the derivation of the VECD model begins with an 

assumption of damage behavior (Equation (2.14)), or damage evolution law: 

R
dWdS

dt S

α
 ∂

= − ∂ 
.   (2.14) 

where, Wd
R is the dual energy release density function, S is the damage, and α is a 

positive constant related to the viscoelasticity of the material.   

The method used to solve the damage evolution law is a matter of preference and, 

as such, two different solutions are hereby proposed for solving Equation (2.14).  The 

first, proposed by Park et al. (18), transforms the original form of the equation to an 

integrated form, assumes α >> 1 and defines a new parameter, Ŝ .  Equation (2.15)

presents, in discrete form, the method proposed by Park et al.: 

1
111ˆ 1S S α

α
+  = +    

,   (2.15) 

where Ŝ  is given by Equation (2.16), 

( ) ( )
1

2

1
1ˆ ˆ
2

R
i i ii

S S C tαε+ = − ∆ .   (2.16) 

Lee and Kim (22) also propose a solution that utilizes the chain rule and makes no 

assumption regarding α.  The solution of these researchers is presented in Equation (2.17).  

It is noted that both methods have been successfully applied in asphalt concrete research 

(9, 11, 18). 
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.   (2.17) 

To reconcile the approximations of these methods, an iterative refinement 

technique is incorporated into this research.  In short, this method assumes that the rate of 

change in damage is constant over some discrete time step.  This rate of change is 

determined at a point near the current value of damage (Si+δS) where the extrapolation 

error is minimized.   

The method begins with an initial calculation of S by either of the approximate 

methods, both of which require results from constant crosshead rate tests for the stress-

pseudo strain relationship.  The initial S values are plotted with the pseudo stiffness 

values, C, to obtain the damage characteristic curve.  This relationship is then fit to some 

analytical form.  In this study, the simple form presented in Equation (2.18), where a and 

b are fitting parameters, is found sufficient; however, the method presented here is not 

limited to such a form. 

baSC e= .   (2.18) 

Returning to the damage evolution law, and noting that the increments of time are 

generally small, one can write the rate of change in damage as:  

dS S
dt t

∆
=

∆
.   (2.19) 

Substituting this expression into Equation (2.14), and rearranging and writing in 

the discrete form, one finds Equation (2.20): 

( )
1

R
d i

i i

W
S S t

S

α
δ

δ+

 
 = + ∆ −
 
 

.   (2.20)  
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It must be observed that for the uniaxial case, the work function (Wd
R) is given by 

Equation (2.21) (9):   

( )1
2

R R
dW C S ε= .   (2.21)  

Substituting Equation (2.21) into (2.20) and simplifying, one arrives at Equation 

(2.22): 

( ) ( )2

1
1
2

R i
i i

C
S S t

S

α
δ

ε
δ+

 
= + ∆ −  

 
.   (2.22)  

In Equation (2.22), it is assumed that before loading occurs, S and C are zero and 

one, respectively.  Further, δS must be specified and should be significantly less than the 

change in damage over a time step (typically, 0.1 is used).  After calculating the value of 

damage (Si) and the incremental damage (Si+δS) at a given time step, the corresponding 

values of C are found by Equation (2.18).  The difference between these values (δC) is 

then used to calculate damage at the next time step.  The process is repeated until all data 

points are processed.   

After completing this first iteration, the new values of S are plotted against the 

original pseudo stiffness values, and a new analytical relationship is found.  The entire 

process is repeated until the change in successive iterations is small.  In this research, 

eight such iterations were performed but it was noted that very little improvement was 

made after the third or fourth iteration.   

Figure 2.6 and Figure 2.7 present the initial S calculated by both approximate 

techniques along with results from the refinement process.  From these figures it is seen 

that the refinement process results in S values that fall between the two approximate 

methods.  Note that in these figures the seed values for the refinement process are 
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obtained by the chain rule method.  However, trials showed that regardless of the method 

used to find the seed values, iterations collapse to the same curve.  More details on this 

refinement process can be found in the work of Kim and Chehab (23). 

The final refined values of S are plotted with C to obtain the true damage 

characteristic curve.  As noted before, the benefit of this curve is its mode of loading 

independence; that is to say, the curve represents the fundamental behavior of the 

material.  From Equations (2.3) and (2.6), if this fundamental relationship is known and 

the relaxation modulus is given, one can directly calculate the stresses.  Conversely, if 

this fundamental relationship is known and the creep compliance is given, one can 

directly calculate the strain response to any stress input using Equation (2.7).   
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Figure 2.6.  Comparison of refined and approximate damage calculation techniques (Kim 
and Chehab [23]) 
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Figure 2.7.  Comparison of refined and approximate damage characteristic relationship 
(Kim and Chehab [23]) 

2.6.3 Viscoplastic Characterization 

The VECD model, outlined above, is applicable only to conditions where 

viscoelastic damage mechanisms dominate the material behavior.  It is known, however, 

that in the field other mechanisms, particularly viscoplasticity, influence the material 

performance.  With this consideration, researchers of the NCHRP 9-19 project deemed it 

necessary to combine the VECD model with some other model so that the viscoplastic 

effects would be taken into account (11).  The model developed by these researchers is 

based on Uzan’s work with strain hardening and viscoplasticity (15) and was 

implemented based on the strain decomposition principle outlined by Schapery (14).  For 

the uniaxial tension case the model is given by Equation (2.23): 

11 11

0

1 t pp
q

vp
p dt
Y

ε σ
++  + =   

   
∫ .   (2.23) 



28 

It was found that characterization of the viscoplastic behavior in tension is best 

performed with constant crosshead rate tests at high temperatures.  In the outlined 

procedure, viscoplastic characterization first requires characterization of the VECD 

model.  The viscoelastic strains are then predicted for the high temperature tests and 

subtracted from the measured strains to backcalculate the viscoplastic strains.  These 

backcalculated viscoplastic strains are then fit using a genetic algorithm to determine the 

model coefficients; p, q and Y.   
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Figure 2.8.  Backcalculated viscoplastic strains from 40°C constant crosshead rate tests 
at: (a) 0.0003 ε/s, (b) 0.001 ε/s, (c) 0.003 ε/s and (d) 0.01 ε/s 
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Figure 2.8 and Figure 2.9 present results from this procedure.  Here it is seen that 

four tests, each performed at different strain rates at 40°C, were used to characterize the 

viscoplastic behavior.  Figure 2.8 first presents the backcalculation results, and it is seen 

that, in general, the characterization tests provide a range of behavior from approximately 

equal viscoelasticity and viscoplasticity (Figure 2.8c) to almost entirely viscoplasticity 

(Figure 2.8a).  Figure 2.9 shows the results from the fitting procedure and, in general, 

good agreement is observed between the modeled and backcalculated strains.   
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Figure 2.9.  Characterization of viscoplastic models from backcalculated viscoplastic 
strains from 40°C constant crosshead rate tests at: (a) 0.0003 ε/s, (b) 0.001 ε/s, (c) 0.003 

ε/s and (d) 0.01 ε/s 
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2.7 Time-Temperature Superposition Principle with Growing Damage 

Before discussing specific results from the material characterization procedure, it 

is worthwhile to mention the principle of time-temperature superposition (TTS) with 

growing damage.  This principle has already been discussed with regard to LVE 

characteristics where it was seen that by creating a single parameter, reduced 

time/frequency, the effects of time and temperature can be combined to create material 

mastercurves for fundamental material properties.  These mastercurves can then be used 

along with the time-temperature shift factor to find the material behavior under any 

temperature and time/frequency combination.   

Chehab et al. (10) demonstrated that, in tension, this same concept can be 

extended beyond the LVE limits to highly damaged levels.  Researchers have shown that 

material behavior at a particular temperature and input history can be matched at a 

different temperature by choosing an input history such that the reduced history is 

identical.  This finding greatly reduces the amount of testing required to characterize a 

constitutive model by reducing the number of conditions to be considered.  In terms of 

the VEPCD model, this principle is considered by replacing physical times with reduced 

times, generally calculated from Equation (2.24), or more specifically by Equation (2.25) 

if temperature does not change with time: 

0

t

T

dt
a

ξ = ∫ ,   (2.24) 

T

t
a

ξ = .   (2.25) 
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The work of Chehab et al. (10) was confined to a single standard mixture and, at 

the conclusion of the work, it remained to be shown that this concept could be applied to 

other mixtures, particularly those with modified asphalts.  Results from the 

characterization and validation tests conducted in the research presented here provide an 

excellent means to assess this phenomenon.  The method given in (8) was followed, and a 

simple schematic of the technique is shown in Figure 2.10.  In short, stress and time are 

determined at a strain level from the constant crosshead rate tests at different rates and 

temperatures.  The corresponding time is converted to reduced time with the time-

temperature shift factors from LVE characterization and plotted with the respective stress.  

If the resulting graph, for a wide range of strain levels, appears continuous, then TTS 

with growing damage is said to be verified.   
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Figure 2.10.  Schematic representation for a single strain level of the technique used to 
verify time-temperature superposition with growing damage 
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It is important when verifying this principle that a wide range of strain levels, 

covering all ranges of material behavior, are examined.  For this report, six such strain 

levels for each mixture were chosen.  Figure 2.11 presents the strain levels examined for 

the unmodified mixture along with the actual stress strain curves.  The stress strain curves 

presented in Figure 2.11 represent the material behavior over the range of testing 

conditions considered in Table A-1.  In the interest of brevity, such curves are not 

presented for all mixtures, but note that similar levels were chosen for each.   

The stress and time curves for the strain levels noted in Figure 2.11 are presented 

in Figure 2.12.  Note that each data point in this plot represents the results from a single 

test.  It is seen from this figure that the stress values at different temperatures do not 

match.  However, after applying the time-temperature shift factors to obtain reduced time 

(Figure 2.13), it is seen that continuous curves are obtained at all strain levels.   
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Figure 2.11.  Stress-strain curves indicating strain levels for time-temperature 
superposition analysis for the control mixture 
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Figure 2.12.  Stress-time curves for the control mixture before application of time-
temperature shift factors at: (a) 0.0001, (b) 0.0005, (c) 0.001, (d) 0.0022, (e) 0.004 and (f) 

0.005 ε levels 
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Figure 2.13.  Stress mastercurves for the control mixture at: (a) 0.0001, (b) 0.0005, (c) 
0.001, (d) 0.0022, (e) 0.004 and (f) 0.005 ε levels 

 

At the highest strain levels, localization occurs in the 5°C tests and, therefore, 

these strain levels are not used for this analysis.  Figure 2.14 through Figure 2.16 present 

the stress-reduced time curves for the modified mixtures at the chosen strain levels.  It 
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can be seen from these curves that TTS with growing damage is applicable to these 

mixtures.  This finding is significant because it furthers the claim that TTS with growing 

damage is a universally consistent property of asphalt concrete.  More directly, this 

finding verifies that the mixtures used in this study can be characterized and modeled 

using the approach presented in Chehab et al. (11).  Here, researchers formulated both the 

viscoelastic and viscoplastic models in terms of reduced time (ξ).  The complete VEPCD 

model is presented in this form in Equation (2.26). 
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Figure 2.14.  Stress mastercurves for the CR-TB mixture at: (a) 0.0001, (b) 0.0005, (c) 
0.001, (d) 0.0022, (e) 0.004 and (f) 0.005 ε levels 
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Figure 2.15.  Stress mastercurves for the SBS mixture at: (a) 0.0001, (b) 0.0005, (c) 0.001, 
(d) 0.0022, (e) 0.004 and (f) 0.005 ε levels 
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Figure 2.16.  Stress mastercurves for the Terpolymer mixture at: (a) 0.0001, (b) 0.0005, 
(c) 0.001, (d) 0.0022, (e) 0.007 and (f) 0.009 ε levels 
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2.8 Mixture Comparisons 

In this section, comparisons of the mixtures within the framework of the VEPCD 

model are shown.  The section begins with a discussion of the LVE properties and then 

proceeds to viscoelastic damage and concludes with comparisons of the viscoplastic 

properties. 

2.8.1 Linear Viscoelastic Comparisons 

It is known that polymer modification can have a profound effect on the LVE 

behavior of asphalt mixtures, particularly with regard to elasticity and stiffness.  To this 

end, comparisons are made of the LVE properties of the mixtures used in this study.   

Figure 2.17 presents the replicate averaged dynamic modulus mastercurves for all 

mixtures in both semi-log and log-log scales.   The figure shows that at higher reduced 

frequencies (lower temperatures) the unmodified mixture shows substantially greater 

stiffness than any of the other mixtures.  It is also observed that the SBS and CR-TB 

mixtures show approximately the same stiffness under these conditions.  Also, the SBS 

and CR-TB mastercurves have smaller slopes during the transition period than the control 

and Terpolymer mixtures.  The slope of the mastercurve is a general indicator of the time 

dependence of the material.  A steeper slope indicates more time dependence whereas a 

shallower slope indicates less time dependence (more elasticity).  Finally, at the lower 

reduced frequencies (higher temperatures), one observes that the CR-TB and SBS 

mixtures are the stiffest, which is the opposite of that observed at the higher reduced 

frequencies.  Table 2-2 presents specific quantities from each of the mastercurves.  

Included in this table are the upper and lower asymptotic values, denoted as E0 and E∞, 
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respectively, and the largest log-log slope (n) of the mastercurve.  These quantities 

provide a snapshot of the material and demonstrate the elastic stiffness, ultimate stiffness 

and global time dependence of the mixtures, respectively.  Note that these quantities are 

obtained from a sigmoidal fitting of the data.   

Elastomeric modifiers, such as those used in this research, are designed to 

increase the elasticity of asphalt mixtures.  To assess this phenomenon for the mixtures in 

this study, phase angle mastercurves are examined.  The theory of viscoelasticity suggests 

that a smaller phase angle indicates greater elasticity.  Figure 2.18 presents the replicate 

averaged phase angle mastercurves for the four mixtures.  From this figure it appears that 

the notion of increased elasticity from polymer-modified asphalts is only partially correct.  

At low and intermediate reduced frequencies it is seen that this phenomenon does occur; 

however, at higher reduced frequencies the unmodified mixture shows greater elasticity.   
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Figure 2.17.  Dynamic modulus mastercurves for control, CR-TB, SBS and Terpolymer 
mixtures in: (a) semi-log space and (b) log-log space 
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Table 2-2  Linear Viscoelastic Quantities for Control, CR-TB, SBS and Terpolymer 
Mixtures 

Mixture n E0 
(MPa)

E∞ 
(MPa)

Control 0.47 38729 41 
CR-TB 0.34 32183 79 
SBS 0.38 30218 97 
Terpolymer 0.41 34884 68 

 

The increase in elasticity at higher temperatures is likely due to the cross linking 

provided by the modifying agent.  Under such reduced frequencies, the material, on a 

molecular level, has time to reorient itself more easily and, thus, the effect of cross 

linking is enhanced.  Within this same perspective, at faster reduced frequencies the 

molecules do not have time to reorient themselves, and the effect of cross linking is 

reduced, though perhaps not all together eliminated (24).  This perspective explains why 

the modified mixtures have very similar phase angles at high reduced frequencies, but 

exhibit different behavior as the reduced frequency decreases.  It should be noted that the 

base asphalt for the CR-TB, Terpolymer and SBS mixtures were lower PG grades than 

the control mixture.  It is believed that the behavior at high reduced frequencies is related 

largely to the properties of these base asphalts.     
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Figure 2.18.  Phase angle mastercurves for control, CR-TB, SBS and Terpolymer 
mixtures 

 

 The results indicate that the prevailing view of polymer modifiers as agents for 

increasing elasticity and stiffness is only partially correct.  In fact, it is seen from this 

study that at conditions of high frequency or low temperature, polymer-modified asphalt 

mixtures can exhibit both lower stiffness and less elasticity than similarly graded 

unmodified mixtures. 

2.8.2 VECD comparisons 

Comparing the viscoelastic damage characteristics of the mixtures is facilitated by 

comparing the damage characteristic curves.  The damage characteristic curves for all 

four mixtures are plotted together in Figure 2.19.  From this figure it is clearly seen that 

the CR-TB and control mixtures show the most favorable damage characteristics, 

followed by the SBS mixture and, finally, the Terpolymer mixture.  However, from this 
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plot it is impossible to say which mixture performs best under a prescribed loading 

history.  It needs to be noted here that the resistance of asphalt concrete to fatigue 

cracking must be quantified by considering both resistance to deformation and resistance 

to damage.  The ranking shown in Figure 2.19 depict only the material’s resistance to 

damage.  Also, under loading conditions where other mechanisms, such as viscoplasticity, 

begin to contribute significantly, the performance ranking could change.   

It is important to note here that the crosshead strain rates used for VECD 

characterization are not the same among the different mixtures.  Early in testing it was 

observed that the modified mixtures must be subjected to higher strain rates than the 

unmodified mixture to ensure that negligible viscoplastic strain developed during the 

testing.  To determine the appropriate strain rate, a trial and error approach was taken.  

Tests were performed with increasing strain rates until failure occurred in a brittle fashion 

during the unloading portion of the stress-strain curve.  It is known from previous 

research (10) that under such conditions viscoelastic damage mechanisms dominate the 

material behavior.  Once this threshold value was set, replicate tests were performed at 

similar rates.  The rates necessary to characterize this behavior are shown in Table A-1 

through Table A-4. 
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Figure 2.19.  Damage characteristic curves for control, CR-TB, SBS and Terpolymer 
mixtures 

2.8.3 Viscoplastic Characteristics 

It is worthwhile, given the strain decomposition nature of the VEPCD model, to 

examine the effect of strain rate and temperature on the viscoplastic characteristics of the 

mixtures.  Figure 2.20 presents the influence of viscoplastic effects on material behavior 

during the constant crosshead rate tests.  This figure shows the percentage of total strain 

attributed to viscoplastic effects as a function of the reduced strain rate at a reference of 

5°C.  Each data point in this plot represents the results from a single test conducted at a 

particular strain rate and temperature and is obtained at the peak stress.  From this figure 

one can observe a generally decreasing significance of viscoplastic strain with an 

increased reduced strain rate.   

Figure 2.20 reinforces the importance of both rate and temperature when 

conceptualizing asphalt concrete behavior.  Recall that the reduced strain rate is 
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dependent on both the physical strain rate and the temperature.  According to this concept 

it is possible, then, that viscoplastic mechanisms can significantly impact material 

behavior at even very low temperatures if the strain rate is slow enough.  Stated more 

generally, viscoplasticity can affect material behavior at any temperature if the input 

condition is slow.  Conversely, any input condition can generate viscoplastic effects if the 

temperature is high enough.  This duality is critically important to the proper 

understanding of the material behavior.   
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Figure 2.20.  Influence of Viscoplasticity on control, CR-TB, SBS and Terpolymer 
mixtures’ behavior 

 

For comparative purposes, Figure 2.20 illustrates that the CR-TB mixture shows 

the least significant viscoplastic behavior at lower reduced rates. It is also observed that 

the control mixture shows, by percentage, less viscoplasticity than the Terpolymer and 

SBS mixtures over all tested conditions.  However, the unmodified mixture has a much 

steeper slope than the modified mixtures and is expected to show more viscoplasticity at 
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ranges outside those tested.  Due to this increased slope and based on the results of Figure 

18, it appears that the real elastic benefit of modified mixtures in the field (i.e., under 

loading rates experienced in the field) occurs at high temperatures. 

2.9 Model Validation 

Validation of the model consists of two components, simple and rigorous 

validation.  In both components, stress and time measured from an experiment are input 

to the model, and strain is predicted.   

Simple validation of the VEPCD model is performed by making predictions of the 

constant crosshead rate tests at 5°, 25° and 40°C.  It is noted that tests at 25°C are purely 

for validation since such tests were not used in any way to develop the material model.  

The rigorous validation component consists of a stress input drastically different from the 

monotonic input.   A random cyclic loading input, where frequency, amplitude and 

number of cycles are randomly assigned, was chosen for this purpose.  Tests were 

performed at 25°C, and the modeled response was compared to the measured response.   

 It is important to note that all graphs in this section are presented until localization.  

Localization is the point at which a single macrocrack begins to dominate the material 

behavior.  At this point, strain measurements do not accurately represent the material 

behavior over the measurement length (10).  For the constant crosshead tests it has been 

observed that localization occurs after the peak and at the point when the stress has 

reached about 90% of the peak stress.  For the random load tests, localization is defined 

by measuring deformations with two different gauge lengths (100mm and 75mm) over 

the middle of the specimen.  When these two measurements diverge, localization occurs.   
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2.9.1 Simple Validation 

Figure 2.21 through Figure 2.24 present the measured and modeled stress-strain 

curves for all of the mixtures.  All of the graphs are presented in the same scale for a 

given temperature to show the engineering reasonableness of the developed model.  A 

comparison of the different mixtures at the same temperature shows clearly that the 

model accurately characterizes the time and mixture effects.   

Examining these figures to ascertain differences in material behavior under 

constant crosshead rate input is somewhat difficult, particularly at 5°C, since different 

rates were used for each mixture.  Instead, it is more prudent to examine failure 

mastercurves.  Verification of TTS with growing damage enables the generation of such 

curves by determining the reduced strain rate and peak stress from constant crosshead 

rate tests.  Again, it should be recalled that the reduced strain rate combines the effects of 

both rate and temperature.  Figure 2.25 presents these curves at a 5°C reference.   

From Figure 2.25 it is seen that, in general, strength decreases with a decreasing 

reduced strain rate.  Further, it is seen that at higher reduced strain rates the modified 

mixtures are weaker than the unmodified mixture.  However, at lower reduced rates the 

modified mixtures exhibit more strength, or are at least trending towards greater strength.  

These results are in agreement with those found from LVE testing, and suggest that a 

relative correlation exists between the strength and the LVE properties.  It is interesting 

to note that the strength at the reduced strain rates where VECD characterization is 

performed is approximately the same for all mixtures.  This is also seen by examining the 

5°C curves in Figure 2.21 through Figure 2.24 where the curves with the highest strength 

have similar peak values for all mixtures.   
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Figure 2.21.  Measured and VEPCD modeled monotonic stress-strain relationship for 

control mixture at: (a) 5°C, (b) 25°C and (c) 40°C 
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Figure 2.22.  Measured and VEPCD modeled monotonic stress-strain relationship for 

CR-TB mixture at: (a) 5°C, (b) 25°C and (c) 40°C 
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Figure 2.23.  Measured and VEPCD modeled monotonic stress-. strain relationship for 

SBS mixture at: (a) 5°C, (b) 25°C and (c) 40°C 
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Figure 2.24.  Measured and VEPCD modeled monotonic stress-strain relationship for 

Terpolymer mixture at: (a) 5°C, (b) 25°C and (c) 40°C 



53 

100

1000

10000

1E-09 1E-07 1E-05 1E-03
Reduced Strain Rate

Pe
ak

 S
tre

ss
 (k

Pa
)

Control
CRTB
SBS
Terpolymer

 

Figure 2.25.  Strength mastercurves for control, CR-TB, SBS and Terpolymer mixtures 

 

2.9.2 Rigorous Validation 

Input loading for the rigorous validation is shown in Figure 2.26.  Note that the 

same loading input is used for each of the mixtures and that the test temperature for all 

cases is 25°C.  In addition to presenting the stress input, Figure 2.26 shows the point of 

failure for each of the mixtures.  Before discussing this issue, the measured and modeled 

responses for each of the mixtures are presented.    Figure 2.27 through Figure 2.30 show 

the measured and modeled responses, separated by the components, viscoelastic damage 

and viscoplastic, for each of the mixtures.  Note that the graphs are presented only until 

localization.   
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Figure 2.26.  Stress input for rigorous validation of VEPCD model for all mixtures 
(vertical lines indicate point of failure for respective mixture) 
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Figure 2.27.  Measured and VEPCD modeled random load strain response for control 
mixture 
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Figure 2.28.  Measured and VEPCD modeled random load strain response for CR-TB 
mixture 
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Figure 2.29.  Measured and VEPCD modeled random load strain response for SBS 
mixture 
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Figure 2.30.  Measured and VEPCD modeled random load strain response for 

Terpolymer mixture 

 

An examination of these figures shows that the measured and modeled behaviors 

closely agree.  As the specimen approaches localization the model tends to under predict 

the measured data; however, this difference is less than 15% in the most extreme case 

(SBS) and could be related to the specimen-to-specimen variability.   

These random load tests yielded some unexpected results with regard to the 

failure points, shown in Figure 2.26 by vertical lines.  From Figure 2.26 it is seen that all 

but one of the modified mixtures failed earlier than the unmodified mixture.  This 

behavior is unexpected given that modified mixtures are known to outperform their 

unmodified counterparts in the field.  Since the ranking in Figure 2.26 is similar to the 

ranking of dynamic moduli values at 25°C in Figure 2.17, except for the CRTB mixture, 

it is believed that the mode of loading causes this discrepancy.  In load-controlled mode, 

which is the mode of loading for the random test, softer mixes will deform more, and if 
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this larger deformation is not compensated by a greater failure strain, the softer mixes 

tend to fail earlier.   

To gain a better understanding of this behavior, two sets of testing conditions 

were examined.  The first was a series of controlled crosshead cyclic loading tests.  Such 

loading results in a mixed mode of loading on the specimen (i.e., neither pure controlled 

stress nor pure controlled strain) and is representative of the loading on asphalt concrete 

during service.  However, due to machine compliance issues (17) it was difficult to apply 

exactly the same input history to materials with different stiffness values.   

Table 2-3 presents the results of this testing regime for each of the mixtures, and it 

can be seen that the modified mixtures, especially the SBS and Terpolymer, performed 

exceptionally well, regardless of the failure criterion, compared with the unmodified 

mixture.  This performance difference is further amplified when one considers that each 

of the modified mixtures experienced higher strain amplitudes at the beginning of the test 

than the unmodified mixture experienced.   

Table 2-3.  Results of Constant Crosshead Cyclic Testing 

Mixture Control CRTB SBS Terpolymer 
Undamaged 

Stiffness 
(MPa) 

8800 4600 4750 4200 

Initial Strain 2.67E-04 3.33E-04 3.00E-04 4.28E-04 
Nf 

50% Stiffness 
Reduction 11800 4000 17627 123680 

Reduction in 
Phase Angle 16300 26800 >125000 >140000 

Separation 18000 60000 >125000 >140000 
Ranking 4 3 2 1 
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 The second set of tests performed were controlled load cyclic tests at a fixed 

stress amplitude of 750 kPa at 19°C and a 4Hz frequency.  The results from this testing 

regime are presented in Table 2-4.  For this test, failure is clearly defined when the 

specimen separates in two.   

Table 2-4.  Results of Constant Load Cyclic Testing 

Mixture Control CRTB SBS Terpolymer 
Undamaged 

Stiffness 
(MPa) 

8800 4600 4750 4200 

Initial Strain 8.52E-05 1.63E-04 1.58E-04 1.79E-04 
Nf 4770 2364 672 740 

Rank 1 2 4 3 
 

The conflicting results from the random load tests, constant crosshead cyclic tests 

and controlled load cyclic testing are consistent with other published reports (4).  As seen 

in Figure 2.26, Table 2-3 and Table 2-4, the mode of loading effects can cause gross 

errors in material assessment and may lead to improper material selection.  In the field, 

pavements experience neither a controlled stress nor a controlled strain mode of loading.  

Instead, the loading is some combination of these two.  The exact composition of this 

mixed mode is dependent on many factors, including pavement thickness, asphalt 

concrete stiffness and the supporting layer properties.  Furthermore, it is found from 

Figure 2.26 and Table 2-4 that the performance of a mixture is not a simple function of 

the mode of loading.  It also depends on other factors such as the magnitude and 

sequence of the loading.   

Accurately accounting for each of these with a single laboratory test has proven 

difficult (4).  Therefore, it is suggested that experimentation should be confined to the 
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assessment of fundamental material properties and that constitutive models should then 

be applied to extract performance results under varying conditions.  

2.10 Summary and Conclusions 

 Mixtures tested under the FHWA ALF have been characterized within the 

framework of the VEPCD model.  The model was successfully applied to these mixtures 

and is shown to accurately predict the behavior under both constant crosshead rate and 

random load cyclic tests.  Through the characterization and validation process it is found 

that the TTS principle with growing damage is applicable to mixtures with modified 

asphalt binders. This finding is significant because the testing requirements necessary to 

characterize the material are significantly reduced.   

An experimental investigation of the fatigue behavior of the ALF mixtures has 

shown the complexities, on a material level, associated with fatigue performance.  

Constitutive models based on rigorous mechanistic and theoretical considerations offer a 

tool to make accurate and rapid assessment of the fatigue performance of asphalt concrete 

mixtures.  In practice, such an approach greatly simplifies the testing requirements for 

engineers and simultaneously allows for assessment of the material under a broader range 

of conditions.   
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APPENDIX A 

Table A-1.  Testing Matrix for Control Mixture 

Test Temperature 
(C)     

Frequencies 
(Hz)/Rate (ε/s) Purpose 

Dynamic 
Modulus -10, 10, 35, 54 25, 10, 5, 1, 0.5, 

0.1, 0.05, 0.01 
LVE 

Characterization 
5 0.000055 
5 0.000035 
5 0.000040 

VECD 
Characterization 

5 0.000030 
5 0.000022 
5 0.000007 
25 0.013500 
25 0.004500 
25 0.001500 
25 0.000500 
40 0.030000 

TTS/Validation 

40 0.010000 
40 0.003000 
40 0.001000 

Monotonic 

40 0.000300 

VP 
Characterization 

 

Table A-2.  Testing Matrix for CR-TB Mixture 

Test Temperature 
(C)     

Frequencies 
(Hz)/Rate (ε/s) Purpose 

Dynamic 
Modulus 

-10, 5, 20, 40, 
54 

25, 10, 5, 1, 0.5, 
0.1 

LVE 
Characterization 

5 0.000400 
5 0.000250 
5 0.000200 

VECD 
Characterization 

5 0.000100 
5 0.000040 
5 0.000022 
25 0.013500 
25 0.004500 
25 0.001500 
25 0.000500 
40 0.030000 

TTS/Validation 

40 0.010000 
40 0.003000 
40 0.001000 

Monotonic 

40 0.000300 

VP 
Characterization 
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Table A-3.  Testing Matrix for SBS Mixture 

Test Temperature 
(C)     

Frequencies 
(Hz)/Rate (ε/s) Purpose 

Dynamic 
Modulus 

-10, 5, 20, 40, 
54 

25, 10, 5, 1, 0.5, 
0.1 

LVE 
Characterization

5 0.001000 
5 0.000700 
5 0.000550 

VECD 
Characterization

5 0.000320 
5 0.000100 
5 0.000040 
5 0.000022 
25 0.013500 
25 0.004500 
25 0.001500 
25 0.000500 
40 0.030000 

TTS/Validation 

40 0.010000 
40 0.003000 
40 0.001000 

Monotonic 

40 0.000300 

VP 
Characterization

 

Table A-4.  Testing Matrix for Terpolymer Mixture 

Test Temperature 
(C) 

Frequencies 
(Hz)/Rate (ε/s) Purpose 

Dynamic 
Modulus 

-10, 5, 20, 40, 
54 

25, 10, 5, 1, 0.5, 
0.1 

LVE 
Characterization

5 0.000550 
5 0.000250 
5 0.000100 

VECD 
Characterization

5 0.000040 
5 0.000022 
25 0.013500 
25 0.004500 
25 0.001500 
25 0.000500 
40 0.030000 
40 0.010000 

TTS/Validation 

40 0.003000 
40 0.001000 
40 0.000300 

Monotonic 

40 0.000300 

VP 
Characterization
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A.1 Interconversion for Relaxation Modulus 

The interconversion method for obtaining the relaxation modulus utilizes an exact 

technique whereby the storage modulus (Equation A-1) is utilized.  The storage modulus, 

when expressed in terms of reduced angular frequency (ωR), can be expressed using the 

Prony series representation given in Equation A-2: 

( ) ( ) ( )( )*' *sinR R RE Eω ω φ ω=  and   (A-1) 
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where 

E∞  = elastic modulus 

ωR  =  angular frequency 

Ei  =  modulus of ith Maxwell element (fitting coefficient)  

and 

ρi  = relaxation time (fitting coefficient). 

Similarly, it can be shown using the theory of viscoelasticity that the Prony 

representation of the relaxation modulus is given by Equation A-3:  
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In short, the storage modulus is calculated by Equation A-1 and then fit to the 

Prony representation by using the collocation method (27, 28).  The coefficients 

determined from this process are then used with Equation A-3 to find the relaxation 

modulus directly. 
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A.2 Interconversion for Creep Compliance 

Using the theory of viscoelasticity, the exact relationship between the creep 

compliance and relaxation modulus is given by Equation A-4: 

( ) ( )
0

1
t dD

E t d
d

τ
τ τ

τ
− =∫ .   (A-4) 

If the creep compliance is written in terms of the Prony representation (Equation 

A-5), substituted into Equation A-4 along with Equation A-5 and simplified, the result 

can be expressed as a linear algebraic equation, Equation A-6.  The coefficients in this 

equation, { }D , are solved by utilizing the least square function in Matlab™: 
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 Once the coefficients, Dj, are determined they are substituted directly into 

Equation A-5 to find the creep compliance.   



68 

 
CHAPTER 3 EXPERIMENTAL INVESTIGATION OF 

ANISOTROPY IN ASPHALT CONCRETE 

3.1 Abstract  

Accurate multiaxial characterization of asphalt concrete requires a thorough 

understanding of its anisotropic behavior. To this end a study has been conducted to 

examine the anisotropic properties of asphalt concrete in the linear viscoelastic range, 

with growing damage, and during volumetric deformation. Tests were conducted on 

specimens cored in the vertical and horizontal directions from gyratory compacted 

specimens. Anisotropy was found to have no effect on the linear viscoelastic properties of 

the material. This finding is supported by subsequent results from monotonic constant 

crosshead rate uniaxial tension and uniaxial compression tests. It was also found that 

anisotropy contributes greatly to the behavior of asphalt concrete in compression, but 

shows very little, if any, effect on tensile properties. In addition, the strong dependence of 

anisotropy on temperature and strain rate is presented. Finally, promising results from a 

simplified method of extracting the anisotropic behavior of asphalt concrete using the 

hydrostatic test are also introduced. 

3.2 Introduction 

Current research at North Carolina State University is concerned with developing a 

comprehensive multi-axial viscoelastoplastic continuum damage model for asphalt 

concrete that can be implemented in the finite element framework.  This research has 

necessitated a more thorough investigation into the anisotropic behavior of asphalt 

concrete.  The anisotropic response of this material could be of great importance in 

predicting the response and performance of asphalt concrete because the material 
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experiences different combinations of loading modes in various directions in service.  

Failure of the asphalt concrete can be associated with compressive stresses vertical to the 

surface (permanent deformation), tensile stresses parallel to the surface (bottom-up 

fatigue cracking) or some other combination of stresses. 

 Selection of the correct modeling approach depends greatly on the observed 

behavior of the respective material.  The most appropriate modeling approach for asphalt 

concrete has been a topic of much debate, as evidenced by the vast literature on the topic.  

The reader is directed to the work by Masad et al. for a detailed review (1).  Many 

different modeling strategies exist, particularly with regard to plasticity and 

viscoplasticity, and each has its strengths and weaknesses relative to the material’s 

behavior.   

 It has been well documented that unbound granular materials display significant 

anisotropy because of the nonrandom distribution of particles (2-7).   Here, as in asphalt 

concrete, anisotropy is divided into two realms, induced and inherent anisotropy.  The 

literature indicates that the preferential orientation of aggregate contacts, void spaces, and 

aggregate particles constitutes the three factors that most influence the inherent 

anisotropy.   

 Tashman et al. (8) carried out an extensive evaluation of the inherent anisotropy 

in field-cored and laboratory prepared asphalt concrete specimens using image analysis 

techniques.  They found that preferential orientation of aggregate particles with regard to 

the vertical direction exists but does not occur with respect to the horizontal direction.  

This observation has been verified in another study (9) where it is shown that the resilient 
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modulus of field-cored specimens tested in indirect tension did not show any directional 

dependence.   

 Masad et al. (1) developed a material model based on continuum mechanics that 

includes anisotropy.  In short, the preferred aggregate orientation was quantified in a 

microstructure tensor and then implemented with continuum mechanics to predict the 

viscoplastic behavior of asphalt mixtures used in the Federal Highway Administration’s 

Accelerated Loading Facility (FHWA ALF) study.  Good agreement with experimental 

observations led the authors to conclude that anisotropy must be included to accurately 

model the viscoplastic behavior of asphalt concrete.   

 Under the auspices of NCHRP 9-19, Mamlouk et al. (10) attempted to quantify 

the macroscopic effect of material anisotropy.  Tests were carried out in triaxial constant 

rate tension tests and constant rate compression tests on specimens cored vertically, 

horizontally, and diagonally from gyratory specimens.  Macroscopic properties such as 

strength, initial modulus, and strain at failure were determined from the experiments.  

The researchers concluded that there was no statistical difference in the results.  However, 

the limited data set was subject to severe variability, and the authors emphasized that the 

findings may have been influenced by the chosen test methods.   

 Therefore, due to the lack of reliable, comprehensive results on the effect of 

anisotropy on the behavior of asphalt concrete, this experimental study was performed.  

The goal of this paper is to present the findings from this research and determine the 

necessity of including anisotropy in future material models. 
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3.3 Materials 

The mixture used in this study was a 12.5 mm mixture that is currently part of an 

ongoing FHWA study on ALF.  It was comprised of 18.0% #68 stone, 36.4% #78 stone, 

17.1% #10 stone, 27.5% sand, and 1.0% lime.  The blended gradation is shown in Figure 

3.1.  The asphalt binder for this mixture was a nonmodified Superpave PG 70-22 with an 

optimum asphalt content of 5.3% by total mix mass. 
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Figure 3.1.  Mixture gradation chart 

3.4 Specimen Fabrication 

All specimens were compacted with a Servopac Superpave gyratory compactor, 

produced by IPC Global of Australia, to dimensions of 178 mm tall and 150 mm diameter.  

To assess anisotropic effects with gyratory cylinders, the testing specimens were cored to 

a diameter of 75 mm in either the vertical or horizontal direction.  Specimens cored in the 

vertical direction are hereafter referred to as vertical specimens, or vertical cores, and 
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specimens cored in the horizontal direction are hereafter referred to as horizontal 

specimens, or horizontal cores.  Specimens were cut to a length of 90 mm to eliminate the 

outer area with high air voids.   

 It should be noted that all specimens were compacted with the same target mass.  

Due to the well-documented nonuniform air void distribution associated with the 

gyratory compactor (8, 11), this decision resulted in slightly higher overall air voids for 

the horizontal specimens (3.8 ± 0.35% versus 3.2 ± 0.30% in vertical specimens).  Other 

researchers have indicated that the overall air void may not be the most indicative index 

for material behavior, and that air void distribution better serves this purpose (1).  It is 

believed that by using the same overall mass for each specimen a similar air void 

distribution in both the horizontal cores and vertical cores was achieved.  

 Due to discrepancies between field and gyratory compaction techniques (8,12), it 

is possible that observations made in this study from gyratory specimens are not 

representative of field conditions.  However, the authors believe that the mechanisms 

involved in the anisotropic behavior are similar. The goal of this study is to establish a 

proper understanding of the anisotropic behavior of the asphalt concrete in a highly 

controlled environment, which will eventually lead to better assessment of this behavior 

for the actual field specimen. 

3.5 Test method 

Viscoelastic materials, such as asphalt concrete, exhibit time-dependent material 

properties.  Therefore, it is likely that the degree of anisotropy changes with strain rate 

and temperature.  Indeed, this suggestion has been verified by others for asphalt concrete 

(10).  To completely describe the anisotropic tendencies of asphalt concrete, the research 
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plan involved testing for the linear viscoelastic behavior, the constitutive behavior with 

growing damage at multiple temperatures and strain rates, and the volumetric behavior.    

Table 3-1 summarizes the test methods employed in this research.  Dynamic modulus 

tests were used to assess the linear viscoelastic behavior, and uniaxial monotonic constant 

crosshead rate tests were conducted at three different temperatures and at three different 

strain rates in both tension and compression modes to assess the anisotropic behavior of 

asphalt concrete with growing damage.  With regard to linear viscoelastic 

characterization, dynamic modulus tests were conducted in both zero mean stress 

(tension-compression) and zero maximum stress (compression only) modes.  Finally, the 

effect of anisotropy on volumetric properties was examined with hydrostatic tests at 

various confining pressures.   

Measurements of both axial and radial deformations during loading were made.  Axial 

measurements were taken at 90° intervals over the middle 50 mm of the specimen with 

loose-core LVDTs from IPC Global.  Radial deformations were measured at 90° intervals 

with spring-loaded LVDTs, also from IPC Global, on the central plane of the specimen. 

In tension tests, Devcon Steel Putty 24-hour setting epoxy was used to glue the 

end plates to the specimen.  End plates were not glued on compression specimens; 

instead, lubricated membranes were placed between the specimen and the end plates to 

reduce end effects.  Extreme care was taken when cutting specimens because it was 

observed early in the testing that with 75 mm diameter specimens any unevenness caused 

major discrepancies in axial measurements.  

 Tests performed under hydrostatic confining pressure were the most difficult to 

prepare.  Similar to the set-up of the compression tests, lubricated membranes were 
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placed between the specimen and end plates to minimize any end effects.  Membranes on 

the bottom of the specimen were punctured in the middle so that the specimen could 

drain.  This drainage ensured that no excess pore pressure developed during testing.   

 Following the protocol presented in NCHRP 465 (13), the specimen was encased 

in a latex membrane.  Early observations showed that extreme care must be taken when 

attaching LVDTs and that failure to remove all air pockets between the membrane and 

specimen, particularly around LVDT supports, resulted in unusual and inconsistent 

results.  In this study, a hole in the membrane approximately 2.5 mm in diameter was 

punctured at the center of each LVDT mounting stud.  This hole was then stretched 

around the LVDT studs, and all air surrounding pockets removed.  Studs were also 

mounted and prepared similarly for radial measurements.  Mounts were prepared for 

radial measurements instead of measuring directly on the membrane encased specimen 

because during pressurization it was found that deformation of the membrane was 

significant.  After all LVDT mounting brackets were attached, acrylic latex caulk was 

used to seal the areas around the mounts. 
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Table 3-1.  Test Matrix Used for Experimental Study 

Test Loading 
Modes 

Loading 
Direction 

Temperature
(C) 

Frequencies 
(Hz)/Rate (ε/s) 

/Pressures (kPa) 
Dynamic 
Modulus 

Tension-
Compression Horizontal -10, 10, 35, 54 25, 10, 5, 1, 0.5, 

0.1, 0.05, 0.01 
Dynamic 
Modulus 

Tension-
Compression Vertical -10, 10, 35, 54 25, 10, 5, 1, 0.5, 

0.1, 0.05, 0.01 
Dynamic 
Modulus Compression Horizontal -10, 10, 35, 54 25, 10, 5, 1, 0.5, 

0.1, 0.05, 0.01 
Dynamic 
Modulus Compression Vertical -10, 10, 35, 54 25, 10, 5, 1, 0.5, 

0.1, 0.05, 0.01 
Uniaxial 
Tension Tension Horizontal 5 0.000022 

Uniaxial 
Tension Tension Horizontal 25 0.000700 

Uniaxial 
Tension Tension Horizontal 50 0.004500 

Uniaxial 
Tension Tension Vertical 5 0.000022 

Uniaxial 
Tension Tension Vertical 25 0.000700 

Uniaxial 
Tension Tension Vertical 50 0.004500 

Uniaxial 
Compression Compression Horizontal 5 0.000022 

Uniaxial  
Compression Compression Horizontal 25 0.000700 

Uniaxial  
Compression Compression Horizontal 50 0.004500 

Uniaxial  
Compression Compression Vertical 5 0.000022 

Uniaxial  
Compression Compression Vertical 25 0.000700 

Uniaxial  
Compression Compression Vertical 50 0.004500 

Hydrostatic Compression Vertical 25 42, 138, 275, 414 
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3.6 Anisotropy effect on Linear Viscoelastic Properties 

Tension-compression and compression only dynamic modulus tests were 

conducted on horizontal and vertical cores at strain amplitudes between 50 and 75 

microstrains. Based on the work of other researchers it was felt that this criterion ensured 

accurate viscoelastic characterization (14). The data from these tests are presented in 

Figure 3.2. The data shown in these figures are the average dynamic modulus values from 

three replicates for a given reduced frequency.  Error bars show the maximum and 

minimum values obtained from the replicates.  The findings from this figure are 

summarized below. 

3.6.1 Anisotropy Effect 

As can be seen in Figure 3.2a and Figure 3.2b, no clear difference in dynamic 

modulus exists between the horizontal and vertical cores at most frequencies. Dynamic 

modulus tests are designed to obtain only the linear viscoelastic characteristics of asphalt 

concrete, and therefore small strains are used.  In such small strains aggregate 

mobilization is minimal, if there is any.  Therefore, the inherent anisotropy caused by 

preferential aggregate orientation does not affect the dynamic modulus results in any 

important way.  This finding is important because it means that dynamic modulus tests 

performed on a plane parallel to the axis of symmetry will produce the same dynamic 

modulus values as tests on planes perpendicular to the axis of symmetry.  Experimental 

verification of this finding can be found in the work of other researchers (15) where the 

uniaxial compressive dynamic modulus is shown to be equivalent to the indirect tension 

dynamic modulus. 
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In Figure 3.2a it is observed that at the lowest reduced frequencies the vertically 

cored specimens have slightly higher dynamic modulus values than the horizontally 

cored specimens.  It is believed that at this point the linear range has been exceeded 

because of the accumulated strain caused by the end plate and seating load.  By contrast, 

tension-compression tests show no such divergence because there was very little 

accumulated strain compared to the compression only test method.   

3.6.2 Tension-Compression versus Compression Only 

Figure 3.2c and Figure 3.2d presents the same data in Figure 3.2a and Figure 3.2b 

in a different way to compare the dynamic moduli from the tension-compression tests 

with those from the compression only tests.  Only the data from vertical cores are 

presented.  It can be seen that the dynamic modulus values obtained from tension-

compression and compression only tests were vastly different.  After a numerical study 

using finite element analysis, the authors believe that this difference is partially due to the 

inconsistent end-conditions between the tension (glued ends) and compression 

(frictionless ends) tests.  However, this issue should not affect the study of results within 

each particular test method, i.e., tension or compression. 
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Figure 3.2.  [Top] Comparison of |E*| between horizontal and vertical cores in log-log (a) 
and semi-log (b) scales; [Bottom] Comparison of |E*|  from tension compression and 

compression only methods in log-log (c) and semi-log (d) scales 
 

3.7 Anisotropy effect on uniaxial properties 

As noted earlier, failure of asphalt concrete pavements can be governed by the 

tensile or compressive properties of the material.  Both phenomena are drastically 

different and require independent assessment for the effects of anisotropy.   

 Three mechanisms that most control permanent deformation of asphalt concrete 

have been outlined as (a) frictional resistance between binder coated aggregates, (b) 

interlocking of aggregates, and (c) cohesive and adhesive forces (1).   In case of fatigue 



79 

failure it has been noted that failure results from the tensile and shear stresses induced 

from repeated traffic loading and/or temperature cycling.  These stresses cause 

microcracks to form, propagate and eventually coalesce into macrocracks (16).   

 To adequately assess the effect of temperature and strain rate on the influence of 

anisotropy in a timely manner, an observation of the phenomenological behavior of 

asphalt concrete was made in this research.  Research has shown that asphalt concrete in 

both tension and compression is thermorehelogically simple (TRS) well into the damaged 

states (17, 18).  In short this finding has allowed the authors to select strain rates and 

temperatures so that a wide range of behaviors, from primarily viscoelastic to primarily 

viscoplastic, are covered (14).   

To assess the impact of anisotropy in monotonic tests, four parameters were 

examined, namely peak stress, initial modulus, axial strain at failure, and radial strain at 

failure.  The peak stress is the maximum stress experienced in the material.  Initial 

modulus is defined as the slope of the stress-strain curve until 75 microstrains.  

Measurements for all four axial LVDTs were averaged at the peak stress to define the 

axial strain at failure, and the average of all four radial LVDTs was taken as the radial 

strain at failure.   

3.7.1 Uniaxial Tension 

Fatigue failure is primarily governed by the tensile properties of the material.  

With this observation in mind, uniaxial constant crosshead rate tests were performed in 

tension.  Results are presented in Figure 3.3.  It is seen from Figure 3.3a that there is little 

difference in peak stress values between horizontal cores and vertical cores for all 

temperatures and strain values tested.  Additionally, it is observed in Figure 3.3c that the 
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initial modulus values are not noticeably different.  This result supports the findings from 

the dynamic modulus testing, where it was seen that horizontal cores and vertical cores 

have no difference in the dynamic modulus.   

Values for strains at failure in Figure 3.3b and Figure 3.3d show some difference; 

however, the results are inconsistent.  That is to say, at higher temperatures (smaller 

reduced strain rates) the horizontal specimens show lower axial strain values than the 

vertical specimens, but at other reduced strain rates this trend is reversed.  Because of this 

reason and the relatively small difference between strain values at failure (both radial and 

axial), it is believed that no significant difference exists between strain values at failure 

from horizontal cores and those from vertical cores.   

3.7.2 Uniaxial Compression 

Compression tests at the same rates as those used in tension tests were performed 

to assess anisotropic effects on the compressive properties.  Results from these tests for 

the same parameters analyzed for tension tests are presented in Figure 3.4. 

 From these figures, it is observed that the preferential orientation of aggregates 

plays an important role, particularly in the strength (Figure 3.4a) of the mixtures at higher 

temperatures.  The increased strength in vertical specimens is attributed to the aggregate 

interlocking effect.  It appears that the aggregate particles interlock better in the direction 

of compaction since specimens strained in the same direction as compaction (vertical 

cores) were stronger. The better interlocking in the vertical direction results in greater 

resistance to compressive deformation in that direction. Additionally, from Figure 3.4b 

and Figure 3.4d, it is observed that the axial strain is consistently higher, and the radial 

strain is consistently lower at failure in horizontal cores than in vertical cores due to a 
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smaller dilation in horizontal specimens.  These observations support the claim that a 

better interlock has been achieved in the vertical direction.  It should be noted that no 

data for radial strain at failure from vertical specimens at the highest reduced strain level 

is presented because sliding of the specimen during the test invalidated these 

measurements.  Finally, it is also seen that there is no effect of aggregate orientation on 

the initial modulus.  Again, this finding supports the results from the compression-only 

dynamic modulus tests where no difference in horizontal and vertical cores was observed. 
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Figure 3.3.  Effect of anisotropy in uniaxial tension on: (a) peak stress; (b) axial strain at 
failure; (c) initial modulus; (d) radial strain at failure 

 
 



82 

100

1000

10000

1.E-06 1.E-04 1.E-02 1.E+00
Reduced Strain Rate (25 C)

P
ea

k 
S

tre
ss

 (k
P

a)

Horizontal - Compression
Vertical - Compression

0E+00

2E+06

4E+06

6E+06

1.E-06 1.E-04 1.E-02 1.E+00
Reduced Strain Rate (25 C)

In
iti

al
 M

od
ul

us
 (k

P
a)

0.0E+00

4.0E-03

8.0E-03

1.2E-02

1.6E-02

1.E-06 1.E-04 1.E-02 1.E+00
Reduced Strain Rate (25 C)

R
ad

ia
l S

tra
in

 @
 F

ai
lu

re

0.0E+00

7.0E-03

1.4E-02

2.1E-02

2.8E-02

1.E-06 1.E-04 1.E-02 1.E+00
Reduced Strain Rate (25 C)

A
xi

al
 S

tra
in

 @
 F

ai
lu

re

(a)

(c)

(b)

(d)

 

Figure 3.4.  Effect of anisotropy in uniaxial compression on: (a) peak stress; (b) axial 
strain at failure; (c) initial modulus; (d) radial strain at failure 

 

To examine how anisotropy changes with damage, a monotonic anisotropy ratio 

(Amontonic) is defined as follows:   

( )
( )

vertical i
montonic

horizontal i

A
σ ε

σ ε
=         (3.1)  

where σvertical and σhorizontal  are the stresses from a vertical core and a horizontal core at a 

given strain level respectively.  The values are obtained from separate tests (one vertical 

and one horizontal) and linear interpolation of the stress strain data from each test is 
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necessary to obtain stress values at the same strain levels.  Figure 3.5 presents this ratio, 

determined from the 25°C and 50°C compression tests, as a function of axial strain until 

approximately the peak stress. This figure clearly shows the effect of an increase in 

temperature and/or a decrease in strain rate on anisotropy. Both tests show that from an 

initially isotropic state, i.e., ratio of 1, the anisotropy grows in a power law manner.  Also, 

it is observed that more anisotropy is exhibited in the test at the higher temperature.  At 

high temperature and/or low strain rate the effect of binder on the overall mixture 

behavior is reduced, which means more of the material behavior is being governed by the 

aggregate particles.  As noted previously, the aggregate effects are believed to be 

responsible for anisotropy in asphalt concrete.  This increased emphasis results in higher 

anisotropy in the 50°C test.  

 Further, from Figure 3.5 it appears that the anisotropy reaches a maximum at 

some point before the peak stress is reached (peak stress occurs at approximately 0.018 

strain).  The exact cause of this behavior is not known.  However, in the authors’ 

experience microcracking begins to significantly affect the compressive behavior of 

asphalt concrete at strain levels similar to those where the peak in the monotonic 

anisotropy ratio occurs.  Therefore, the observed behavior could be due to the damage 

induced anisotropy.  Based on this hypothesis, the decrease in the anisotropy can be 

explained as the effect of the microcracking and consequent damage-induced anisotropy. 

The limited test conditions explored in the current study do not allow the researchers to 

determine if such behavior would occur under all conditions.  It should be noted that the 

definition of damage in this paper includes any microstructural changes.  Damage is 

therefore not limited to microcracking and could be any mechanism that causes such 
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changes.  From Figure 3.5, a more rapid decline in anisotropy is observed in the 50°C test.  

This behavior could be caused by the increased emphasis of the aggregate structure on 

the overall behavior in this test.   
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Figure 3.5.  Effect of anisotropy as a function of axial strain observed from 25°C and 
50°C monotonic compression tests at 25°C and 50°C (strain rates noted in legend) 

 

3.8 Anisotropy effect on Volumetric Properties 

One would expect the anisotropy of a mixture to be dependent on many factors, 

including aggregate shape factors and gradation. Therefore, it may be important to assess 

the anisotropy of mixtures on an individual basis. Assessment of the anisotropy of 

mixtures by the above method is not very practical, and it is therefore important to find a 

simpler method of assessment. Also, the behavior of asphalt concrete under confining 

pressure has been shown to be a better indicator of field performance than its behavior 
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under unconfined conditions (13). With these facts in mind, a method of assessing the 

anisotropic properties of asphalt concrete with hydrostatic confining pressure tests was 

explored. 

 Figure 3.6 presents the stress inputs used for this investigation. As can be seen 

from the figure, three low stress cycles at 42 kPa were first applied.  It was assumed that 

this stress level would not exceed the linear viscoelastic range. Subsequent 42 kPa cycles 

were performed after the larger stress inputs, and the resulting strains were compared to 

those from the initial cycles to assess the amount of damage in the specimen.  Damage, it 

should be recalled, is defined in this paper as any microstructural change in the specimen 

that results in a reduction of stiffness or strength. 
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Figure 3.6.  Stress inputs for the hydrostatic tests 
 

 Evidence of anisotropy in hydrostatic tests is seen in the deviation of the axial and 

radial strains.  Isotropic materials display the same properties in all directions, so under a 
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hydrostatic confining stress the radial strains and axial strains are the same.  Anisotropic 

materials exhibit deviation in radial and axial strains. Figure 3.7a and Figure 3.7b present 

the results from the first and last 42 kPa cycles, respectively.  Figure 3.7a shows that the 

anisotropy is small for the first cycle of 42 kPa.  Comparing this figure with Figure 3.7b, 

the effect of damage induced anisotropy can be observed. It is seen that the difference 

between axial and radial strains is larger for the last 42 kPa cycle (Figure 3.7b) than the 

first.  Also, it is observed that the axial strains are approximately the same, but the radial 

strains during the last cycle are larger.  This observation indicates that the effect of 

damage is greater in the radial direction than in the vertical direction; i.e., the material in 

the radial direction is less stiff than it was initially. 

  In both figures it is observed that the radial strains are greater than the axial 

strains.  These results support the findings from monotonic compression data that suggest 

that the material is weaker in the radial direction than the axial direction. 
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Figure 3.7.  Anisotropic response of asphalt concrete at low confining pressure: (a) first 
42 kPa pressure cycle; (b) last 42 kPa pressure cycle 

 

Quantification of the anisotropy that occurs during each loading cycle was made.  

For each increment of time, the radial strains were divided by axial strains to define a 

hydrostatic anisotropy ratio.  The value of this ratio as a function of time has been plotted 
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in Figure 3.8a and Figure 3.8b for the 42 kPa cycles and all other cycles, respectively.  

The first 42 kPa cycle appears in both graphs.   

 An interesting observation is made from these figures.  Based on the definition 

above, anisotropy is more prevalent in the second, third, and fourth 42 kPa cycles (Cycle 

2, Cycle 3, and Cycle 5 in Figure 3.8) than in any other cycles.  A slightly smaller 

increase in anisotropy for the 42 kPa cycle after the 275 kPa cycle (Cycle 7 in Figure 

3.8a) is observed.  However, a decrease in the anisotropy for the 42 kPa cycle after the 

414 kPa cycle (Cycle 9 in Figure 3.8a) is observed.  Finally, it should be noted that all of 

the higher pressure cycles approach a limiting factor of 1.2 in Figure 3.8b.   

  Research on geomaterials (5-7) may provide insight into this behavior.  In this 

context, it has been found that inherent anisotropy occurs primarily by the preferential 

orientation of aggregate particles, air voids, and aggregate contacts.  Moreover, 

researchers mention that the anisotropy from the second and third mechanisms is altered 

during the earliest stages of deformation, but that the first mechanism contributes to the 

material’s behavior even at higher strains.  

 Anisotropy in the monotonic tests has been shown to change as the strain 

increases (Figure 3.5).  Furthermore, it is likely that at some strain levels, especially at 

lower strains, that all three mechanisms contribute simultaneously.  Without an accurate 

and in depth study of the internal structure during deformation it is impossible to 

explicitly determine the effective strain regions for each of these three mechanisms.  

 The step inputs of stress used in the hydrostatic tests (Figure 3.6) may induce the 

behavior from each mechanism in a more defined manner since the strain evolves non-

monotonically. Better capture of the individual contribution from each mechanism is 
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believed to be the reason for the results seen in Figure 3.8a and Figure 3.8b.  This 

hypothesis is valid, assuming that the second and third mechanisms are elastic or 

viscoelastic phenomena.  From Figure 3.8a it is observed that the second, third, and 

fourth 42 kPa cycles first increase in anisotropy and then begin to decrease, the fifth 42 

kPa cycle (Cycle 7 in Figure 3.8a) stays at some steady state for a short time before 

beginning to decrease, and the final 42 kPa cycle begins to decrease from the beginning.  

Also, it is observed from Figure 3.8b that the 138 kPa cycle increases slightly and then 

begins to decrease.  The 275 and 414 kPa cycles show steadily decreasing anisotropy.   

Decreasing anisotropy indicates that the microstructure is reorienting itself 

towards a more random distribution of particles.  In this case it appears that a 

microstructural equilibrium exists at an anisotropy ratio of 1.2.  It is hypothesized that 

during the 275 kPa (Cycle 6 from Figure 3.8b) air void reorientation or collapse of the air 

voids cease, that is to say the elastic or viscoelastic limit of the air void mechanism has 

been exceeded. Without this recovery, the movement towards a more random distribution 

of particles commences when the load is initially applied.  When the pressure is released, 

the microstructure returns to the original, less random arrangement, which is represented 

by an anisotropy ratio of 1.7.   

 Cycles occurring before the elastic limit of the void effect show first increasing 

anisotropy and then decreasing anisotropy.  It is believed that this behavior occurs 

because during the preceding rest periods some of the anisotropy caused by air void 

reorientation was recovered.  Support for this observation is seen in Figure 3.8a.  Here it 

is observed that the initial anisotropy (first point on the anisotropy curve) steadily rises 
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for cycles 1, 2, 3, 5, 7, and 9 respectively, an indication of the steady decrease in the 

preferential orientation of air voids.   
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Figure 3.8.  Anisotropy ratio from hydrostatic tests as a function of time for: (a) 42 kPa 
tests; (b) 138, 275, and 414 kPa tests 

 

 Another positive observation can be made by comparing Figure 3.8b and Figure 

3.5.  If Figure 3.5 is examined at a strain level of approximately 0.0015 it is observed that 
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the anisotropy ratio is approximately 1.2.  A strain level of 0.0015 is nearly the same 

order of strains generated in the bulk tests.  Figure 3.8b shows that at long times, all of 

the higher pressure cycles approach an anisotropy ratio of 1.2.  These results indicate that 

hydrostatic tests are capable of capturing some of the effects of anisotropy, but also 

indicate that the anisotropy ratio at failure, approximately 1.4 in the 25°C tests, cannot be 

captured in the hydrostatic tests.  More work must be carried out in this area before any 

procedure for assessing anisotropy via the hydrostatic test is suggested. 

 It should be noted that the above hypothesis is being made on a limited set of data, 

and may not, in its entirety be correct.  This phenomenon is complex and is affected by 

numerous factors, including; (a) aggregate orientation, (b) air void orientation and their 

collapse, (c) aggregate interlocking and associated microstructure evolution (d) visco-

elasticity of the binder. Further testing and evaluation is warranted to completely quantify 

the effects of these mechanisms. Nevertheless, it is clear from the observations that bulk 

compression tests could complement uniaxial tests in a significant manner, especially in 

understanding the anisotropic behavior of asphalt concrete.   

3.9 Conclusions 

Based on the experimental observations from this study the following conclusions 

can be made. 

1.  Asphalt concrete exhibits directionally dependent properties. 

2.  The inherent anisotropy in asphalt concrete does not affect the small strain 

properties such as the dynamic modulus and initial modulus of monotonic stress-

strain curves. 
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3.  Asphalt concrete exhibits drastically different behavior in the horizontal and 

vertical directions in compression and these effects should be accounted for in any 

permanent deformation distress models. 

4.  The tensile properties of asphalt concrete exhibit only slight anisotropy, which can 

probably be ignored in fatigue crack distress models. 

5.  Anisotropy increases with increasing temperature, decreasing strain rate, or some 

combination of the two. 

6.  Hydrostatic confining pressure tests are capable of capturing the anisotropic 

behavior of asphalt concrete and could lead to a simplified test method for extracting 

anisotropy parameters. 

 It must be noted that the experimental investigation presented in this paper needs 

to be eventually complemented with the development of comprehensive multi-axial 

material model capturing the strain level/temperature-dependent anisotropy. Such study is 

the subject of ongoing investigation.  
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CHAPTER 4 SUMMARY AND FUTURE WORK 

 Current experience suggests that performance modeling of asphalt concrete 

pavements is best accomplished with the use of separate structural and material models.  

In this concept, a material model should characterize only the fundamental behavior of 

asphalt concrete and a structural model should account for the boundary conditions in the 

pavement.  Work on fundamental material modeling has been completed and presented in 

this thesis.  This work is confined to uniaxial modeling of the tensile behavior of asphalt 

concrete.  For the most accuracy, the material model should account for the stress state 

dependence of the material.  As a first step towards developing such a model it is 

necessary to understand any directional dependency of the material, i.e., anisotropy.  To 

this end a study has been presented, which examines the influence of mechanisms related 

to anisotropy over a wide range of conditions.  The results from this work indicate that 

anisotropy mechanisms at most have a minor influence on asphalt concrete behavior in 

tension.  Such a finding greatly simplifies multiaxial modeling of the material in the 

tension state 

 Although the developed models showed applicability to mixtures containing 

modified binder, future work is need to further expand the approach and verify the 

underlying principles.  There are some specific issues that should be examined in this 

extension process. 

• The multiaxial formulation for the VEPCD model should be refined and 

implemented for mixtures containing both unmodified and modified asphalt 

binders.   
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• The importance of detailed multiaxial characterization of the tensile behavior of 

asphalt concrete should be assessed.   Such an assessment is critical because if it 

can be shown that detailed characterization is not necessary for reasonable 

performance prediction, the entire characterization process is greatly simplified.  

This step is crucial then for industrial acceptance and implementation of the 

modeling approach.  For proper assessment both the fully characterized multiaxial 

model and the uniaxial model, extended with simplifying assumptions, should be 

implemented into a structural model to predict fatigue performance.  Comparisons 

may then be drawn between the two approaches. 

• In its current formulation, the VEPCD model does not account for the effects of 

microdamage healing or moisture damage, both of which are known to influence 

pavement performance.  An experimental program should be undertaken to 

rigorously assess the effects of these factors.  The existing model may then be 

enhanced by either including additional damage parameters, or by finding the 

relationship between these factors and the current damage parameter. 

• Differences are known to exist between laboratory and field compaction 

techniques.  Findings from the experimental study of anisotropy should be 

compared with similar results from field compacted specimens to assess the 

influence of anisotropy with field compaction techniques.   

• For completeness the time-temperature superposition principle should be verified 

with modified mixtures in the multiaxial stress state.  
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APPENDIX A MIXING AND COMPACTION 

The following appendix presents details regarding specimen fabrication for the 

Federal Highway Administration pooled fund study project.  Specific details are given 

regarding sieving, mixing and compaction, and other miscellaneous issues. 

A.1 Sieving 

Four aggregate stockpiles (#78, #68, #10 and Grade F and G Sand) are required 

for fabrication in the FHWA pooled fund study project.  These stockpiles are divided into 

two groups; coarse (#78 and #68) and fine (#10 and Sand).  For fine stockpiles the small 

sieve shaker and the Mary-Ann style sieve shaker are used.  For the coarse stockpiles on 

the large blue shaker is used.  In all stockpiles aggregates are only separated until the #8 

sieve size.  Everything smaller than the #8 sieve is combined into a single grouping 

referred to as sub-#8.  Finally it is noted that even though the aggregate source was the 

same for the #68, #78 and #10 stockpiles, sieved materials from these stockpiles were not 

kept separate.   

A.1.1 Equipment Needed 

1. Labeled buckets 

2. Scoop 

3. Ovens 

4. Flat-bottom pans 

5. Wired brush (Special Sieve Brushes) 

6. Clean sieves 
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A.1.2 Procedure 

1. Pour aggregates from the bags or carefully scoop aggregates from 55 gallon drums 

into flat-bottom pans. 

2. Put the pans of aggregates in the oven set at its maximum temperature for the yellow 

oven and up to 200 C for the new ovens. 

- Care is taken in stacking pans so as to allow proper air flow over all pans.   

3. Leave aggregates in the ovens over night or for at least 7 hours. 

4. After a minimum of 7 hours, turn the ovens off, open the oven doors and let the 

aggregates cool to room temperature on their own.  

5. After the aggregates have cooled ensure that ALL the required sieves are clean of 

aggregates and fines before starting.  

- Check to make sure there are no tears or broken wires for each sieve. 

6. Put in the desired sieves in the large sieve shaker for sieving the #78 and #68 

stockpiles. 

- For #68 these are ¾ inch, ½ inch, ⅜ inch, #4, #8 and pan.   

- For #78 these are ½ inch, ⅜ inch, #4, #8 and pan.    

7. Tighten sieves into the shaker with the foot pump. 

8. Set the sieve shaker to 5 minutes. 

9. Calibrate amount of aggregate to sieve per run by starting with a single scoop of 

aggregate.  If after 5 minutes of sieving none of the sieves are clogged empty the 

sieves, and apply 2 scoops on the next run.  Continue to increase until the maximum 

amount is poured into the shaker without causing clogging problems. 

- For most scoops the optimal number is 2.5 scoops. 
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10. After the sieve shaker has run for five minutes it will stop. 

11. Open the lid, depress the foot pedal and hold it down until the sieves are loose.  

12. Take out each sieve one by one and pour the aggregates into their designated buckets. 

- Each bucket and lid should be labeled with the aggregate size, a single bucket is 

used for sub-#8 materials for the given stockpile. 

- The buckets should be in order and spaced out so no aggregates drop in the wrong 

bucket. 

- Put the lid back on the bucket when finished pouring aggregates for that bucket. 

13. Clean each sieve before putting it back into the sieve shaker. 

14. Continue steps 7-13 until all of the #68 and #78 stockpiles are sieved. 

15. For fine aggregates clean the #4, #8 and pan circular 8 inch and 12 inch sieves. 

16. For both the 8 inch and 12 inch sieves calibrate appropriately (see step 9). 

17. Perform step 12 for these materials making sure to use the appropriate buckets. 

- Maximum efficiency is obtained by sieving both coarse and fine aggregate 

stockpiles at the same time. 

18. When finished sieving for the day clean all sieves used. 

19. Sweep floors and wipe all horizontal surfaces clean of accumulated dust. 

A.2 Batching 

Prepare 2 batches for each specimen. Mass of each batch should be half the total 

mass of aggregates needed for the specimen.  The batched and thus mixed masses for 

each mixture (PG 70-22, CRTB, SBS and Terpolymer) is held constant and the 

appropriate mass to obtain the target airvoid is weighed out after mixing. 
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A.2.1 Equipment Needed 

1. Scoop 

2. Flat-bottom pans 

3. Balance wit sensitivity of 0.1 gram 

A.2.2 Procedure 

1. Place an empty bowl on the balance and zero the scale. 

2. Set-out twice as many pans as the specimens to fabricate (2 pans for 1 specimen) 

3. Weight out aggregate mass for ½ inch stone from the #68 stockpile in the empty bowl. 

4. Pour this stone into the first pan. 

5. Return the bowl to the balance 

- If scale does not return to zero recheck level of scale, check for unnecessary air 

flow in the lab, and correct either of these irregularites 

6. Continue weighing out the same aggregate size for each pan. 

7. After completing this size continue to the ⅜ inch stone from the #68 stockpile, then to 

the #4 and so on. 

8. When finished with the #68 stockpile, move to the ⅜ inch stone from the #78 

stockpile.  Continue in this manner until all stockpiles are added. 

9. Weigh each completed pan to ensure no mistakes were made in steps 1 through 8. 

10. Add hydrated lime to each pan and carefully dry mix with a large spoon.   

11. Sweep floors clean of any dropped aggregate particles and wipe all horizontal 

surfaces clean of accumulated dust.   
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A.3 Mixing 

A.3.1 Equipment Needed 

1. Oven 

2. Mixer with timer 

3. Flat-bottom metal pans 

4. Thermocouples 

5. Balance with sensitivity of 0.1 gram  

6. Mixing spoon, bowl, and whip 

7. Spatula 

8. Gloves 

9. Torch 

10. Paper towels 

11. Safety glasses 

A.3.2 Procedure 

1. Place pans containing aggregate, 2 mixing bowls, 2 spoons and 2 whips in the oven at 

the appropriate mixing temperature (145°C for PG 70-22 and 150°C for other 

mixtures) for at least 5 hours and preferably overnight. 

2. Heat the asphalt binder in the same oven staggering two cans at a time by 10 minutes. 

- Make sure the lid is off the asphalt can. 

3. Approximately 1 hour later, place thermocouple wire (Type K) in the first can until it 

reaches the designated mixing temperature (approximately 2.5 hours).   

4. Remove a mixing bowl, spoon, spatula, and whip from the oven. 

- Set up the whip in the mixing machine and place the rest on the table. 
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5. Remove the aggregates from the oven and pour them into the mixing bowl making 

sure to remove all aggregate from the pan. 

6. Mix the aggregates in the bowl with the spoon and form a crater in the middle of the 

blended aggregates. 

7. Place the mixing bowl on the balance. 

8. Remove the first can (thermocouple can) from the oven and pour the required amount 

of asphalt into the crater in the bowl.  

-  Use paper towels to extract the excess amount of asphalt.  

9. Mix quickly with the spoon to cover the binder with aggregate.   

10. Attach the bowl to the mixing machine, turn on the mixer and pull up the lever on the 

mechanical mixer to raise the bowl.  

11. Set the mechanical mixer to the minimum speed. 

-     Make sure you wear safety glasses during the mixing procedure. 

- When machine is on, push the bowl up with your hand to ensure that the 

aggregates on the bottom will also be mixed. 

- Use the blow torch sparingly to keep bowl heated. 

- If whip is damaged it may be necessary to use spatula to aid mixing. 

- Continue mixing until aggregates appear consistent and well coated with asphalt 

binder. 

- Total mixing time may vary due to whip condition, but should take approximately 

1 minute.   

12. When all the aggregates are coated with asphalt, remove the bowl from the mixer. 
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13. Remove the whip from the mechanical mixer and wipe off all fine aggregates into the 

bowl. 

14. With the spatula scrape the fine particles on the inside the bowl and distribute them 

evenly throughout the mix. 

15. Move the mixing bowl with mixture, pan and spoon to balance and zero the scale 

with the empty pan on top. 

16. Carefully dump the contents of the mixing bowl into the pan and weight out the 

correct amount of mixture for compaction. 

17. Spread mixture evenly in pan and place mixture in the aging oven, which has been set 

to 135°C).   

18. Put bowl, whip, spatula, and spoon back in the oven until time to prepare the next 

batch. 

19. Repeat the procedure for other batches, but note that: 

- If the same mixing bowl and whip is to be used again, they should be free from 

fine particles (as much as possible). 

- Reheat the mixing bowl, spoon, spatula, and mixer whip at mixing temperature 

for about 10 minutes.  

- Even numbered mixing (batch 2, batch 4, etc.) takes approximately 1-2 minutes to 

achieve mixing temperature after the completion of previous batch. 

- Odd numbered mixing requires approximately 5-8 minutes to reheat and should 

be verified with the thermocouple. 

A.4 Compaction 

2 mixed batches are needed for the preparation of each specimen.  
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A.4.1 Equipment needed 

1. Superpave Gyratory Compactor 

-Ram Pressure: 600kPa 

-Gyration Angle: 1.25 Deg 

-Gyration Speed: 30 gyrations/minute 

2. Compaction mold 150 mm 

3. 150 mm diameter metal disks (for ServoPac) 

4. 150 mm diameter paper disks 

5. Thermocouple 

6. Spoon and Spatula 

A.4.2 Procedure 

1. While mix is in short-termed aging, turn the compactor on. The power switch is 

located on the backside of the machine.  

- Follow the Pre-Compaction Procedure located on the wall by the air pressure 

machine. 

- Turn on the air pressure, making sure to check for water first.  

- Unlock and turn on the wing nut located behind the Superpave Gyratory 

Compactor.  

2. Set the compaction pressure, angle, and gyration speed to the proper value. For 

ServoPac, set Nmax to 500. Set the height to the appropriate value (178mm). 

3. After completing the mixing operation change the temperature of the mixing oven to 

compaction temperature and place the molds, plates, spoon, and spatula in the oven. 
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4. After aging is complete, or when the mixture has reached compaction temperature, 

remove a mold, plates, spoon, and spatula from the oven and place a paper disk on 

top of the bottom platen in the compaction mold.  

5. Pour half the mix (from the first pan) into the mold and use the spatula around the 

sides of the mold being careful not to use the spatula in the middle of the mold.   

6. Immediately remove and pour the second batch into the mold.  

7. Using the spatula along the sides, penetrate down to the bottom of the mold to settle 

the mix.  

8. Place a paper disk and then metal plate on top of the mix  

9. Center the mold inside the compactor. 

10. Push the “lower mold” button, the “lock mold” button, and then the “start” button. 

11. After compaction is complete, remove the mold from the compactor. 

12. Align the mold in the extruding mechanism, remove the extension collar from the 

mold and extract the specimen.    

13. Allow at least five minutes for the specimen to cool. 

14. Remove the paper disks and mark the specimen with its ID name, top, and bottom. 

15. Flip the specimen onto an open grate on the top of the adjacent table for further 

cooling.  

16. If necessary, place the mold, plates, and spatula back in the oven for fabrication of 

other specimens.  

- For PG 70-22 the compaction temperature is identical to aging so compaction 

occurs directly out of the aging oven.  
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- Modified mixture are first moved at the appropriate time to a second oven at the 

compaction temperature of 145°C. 

17. Repeat steps 4 through 16 for additional specimens. 

A.5 Coring 

A.5.1 Equipment Needed 

1. Coring machine 

2. Drain 

3. Hose 

4. 75 mm coring bit 

5. Pan 

6. Rags 

A.5.2 Procedure 

1. Attach the 75 mm diameter coring bit to the machine after liberally applying 

lubricating agent (WD-40). 

2. Put the specimen bottom first into the clamps located below the coring bit. Make sure 

the top is facing up and the specimen is centered. 

- Push the bit downward onto the specimen to get the specimen centered in place. 

- Tighten both clamps at the same time to secure the specimen in the center. 

3. Connect the water hose to the machine and make sure it is secure. 

4. Put a pan filled with rags under the specimen to catch the core. 

5. Stand behind the machine and turn the water on by pulling the lever slowly until there 

is no dripping and little splash. (Constant flow of water). 
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6. Put on earplugs and turn the power switch on located on top of the coring machine. 

7. Slowly rotate the lever arm. Do not force the lever arm. The whole process should 

take at least ten minutes. 

8. When nearing the bottom of the specimen rotate the arm very slowly so no chipping 

occurs at the bottom of the specimen. 

A.6 Sawing 

A.6.1 Equipment 

1. Sawing machine 

2. Plug 

3. Hose 

A.6.2 Procedure 

1. Set up the wide V-securing jig on the saw table.   

- Use the wrench to loosen the jig and move it to the appropriate spot on the side of 

the saw.  

2. Measure 12 mm from the bottom of the specimen.   

- Make sure to measure starting from the inside of the saw. 

3. Make sure the table top-wheels are aligned, the nuts are tight, and the jig is secure in 

place. 

4. Connect the power cord for the saw and fill the bottom with water from the hose 

located on the wall.  

5. Hook the sawing machine up to the electricity and flip up the electricity lever beside 

the hoses on the wall. 
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6. Roll the V-jig under the saw and turn on the power switch to turn the saw and water 

pump on. 

7. Gently and slowly pull down the lever arm to cut the specimen. 

- When nearing the end, slow down to minimize chipping.   

8. Mark the bottom of the specimen with a “B”. 

- Alternatively mark the top of the specimen with a “T”.   

9. Move the V-jig to the other side of the saw and measure 150 mm from the cut face. 

10. Repeat steps 6-8 for the second cut.  

A.7 Air Void Measurement 

A.7.1 Equipment 

1. Balance with sensitivity of 0.1 gram 

2. Green foam for the submerged basket 

3. Foam cushion  

4. Small Corelok bag 

A.7.2 Procedure 

1. Dry specimen thoroughly using air and using the CoreDry machine. 

2. Ensure that the water in the water bath is clean and that the balance is level 

- If water is not clean drain the tank and fill with demineralized water.   

3. Measure the dry mass of the sample. 

4. Make sure the basket in the water scale has the green cushion over the metal wires so 

that the wires will not rip the bag. 
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5. Tear off a small CoreLok bag from the roll and verify that there are no holes or tears 

in the bag 

6. Measure and record the mass of the bag. 

7. Put the three Corelok white plates in the machine for small specimens and one or two 

for larger specimens. 

- More plates will decrease the time needed for vacuuming.  

8. Place the black cushion on top of the white plates to hold the specimen in place. 

9. Carefully insert the specimen into the yellow bag and place the specimen and bag on 

top of the black cushion in the CoreLok. 

10. Slide the black cushion to center the specimen in the CoreLok and ensure that the 

open end of the bag overlaps the sealing bars. 

- Care is taken to not handle the specimen by pulling the bag, such movements may 

cause the bag to rip.   

- Ensure plenty of overlap exists to ensure a tight seal. 

11. Ensure that program 1 is loaded into the machine and close the lid.  

- The sealing then begins. 

12. When finished, ensure that the bag is airtight by trying to move any ridges that are in 

the bag.    

13. Carefully place the sealed sample in the basket.   

- Fold the bag around the specimen as you put it into the water so the bag will not 

tear on the metal. 

- Once the sealed specimen is submerged, carefully shake the bag to release any 

trapped air bubbles from the folds of the bag. 
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14. While the scale stabilizes record the water temperature for density correction.   

15. After the scale has stabilized, record the submerged mass. 

16. Remove the sample from the water and dry the bag as much as possible. 

17. Remove the specimen from the bag being cautious not to get the sample wet. 

18. Reweigh the dry mass of the sample to ensure that no water entered the system.   

- An error of +/- 0.2 grams between dry measurements is deemed okay. 

19. Use the manufacturer supplied software to calculate the bulk density and air void of 

the specimen by percent total volume. 

A.8 Gluing End plates 

Gluing end plates for tension specimens is one of the most crucial steps in the 

specimen fabrication process.  Any eccentricity in loading may compromise the results 

and thus end plates should be checked for proper alignment.  Further, the epoxy used to 

glue these end plates requires approximately 4 hours to initially set, and the specimen 

must not be moved for this time. 

A.8.1 Equipment 

1. Balance with sensitivity of 0.1 gram 

2. 10110 Epoxy (24 Hour epoxy) 

3. 75 mm diameter end plates (top and bottom) 

4. Safety glasses 

5. Latex, or equivalent, gloves 

6. Small spatula 
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A.8.2 Procedure 

1. Clean end plates thoroughly, first with a wire brush attached to a standard electric 

drill and then with a paper towel and acetone 

2. Clean ends of specimen with same paper towel, ensuring that it is only slightly moist 

with acetone.   

- If the towel is very wet wring excess acetone out. 

3. After cleaning ends of specimen place it on the table on its side so as not to dirty the 

just cleaned ends. 

4. Obtain a piece of cardboard approximately 4 inches by 4 inches for mixing the epoxy. 

5. Weigh out 72 grams of the epoxy resin (black to dark colored gray component) on the 

cardboard piece. 

6. Thoroughly clean spatula with acetone laced towel. 

7. Weight out 8 grams of hardener (yellowish white component) and thoroughly clean 

spatula with towel. 

8. Vigorously mix the resin and hardener until the color is a consistent medium gray 

color.  There should be no light or dark streaks in the mixture. 

9. Apply less than half, but more than a quarter of the epoxy to the bottom plate (smaller 

diameter plate) and spread evenly over the plate. 

10. Place bottom plate into the gluing jig and screw tightly to bottom of jig. 

11. Apply less than half, but more than a quarter of the epoxy to the top plate and spread 

evenly. 

12. Secure top plate to the top of the gluing jig. 
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13. With a small amount of epoxy fill any surface voids on first the bottom of the sample 

and then the top. 

- When filling the voids, best results are obtained by applying a small amount of 

epoxy to the end and with the sharp side of the spatula working this epoxy back 

and forth in multiple directions across the end voids. 

14. Split the remaining portion of epoxy between the top and bottom ends such that when 

combined with the amount already on the end plates that half of the epoxy goes to the 

top and half goes to the bottom side. 

15. Carefully place the specimen into the gluing jig and tighten the clamps to secure the 

sample 

16. Lower the top platen of the gluing jig until it is approximately ½ inch away from the 

top of the specimen. 

17. Use the fine adjustment to lower the top platen further. 

18. Continue to finely lower the gluing jig until the epoxy just comes out from between 

the end plate and the specimen around the entire perimeter. 

19. Remove any excess epoxy and spread a line approximately ½ inch wide around the 

interface of end plate and specimen so as to fill in any end voids. 

20. Allow glued specimen to stand in the gluing jig, undisturbed for 4 hours. 

21. After 4 hours carefully remove the glued sample from the jig by supporting it at both 

the bottom and top end plates. 

22. After removal from the gluing jig place the specimen on the table top so that the top 

plate is on the bottom. 
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- The top plate has a larger diameter and is thus it is more stable to rest the sample 

on this plate than on the bottom plate. 

A.9 Instrumentation 

To attach measuring devices to the asphalt concrete samples small brass studs are 

glued to the surface of the specimen.  To these studs, aluminum brackets are attached 

with a screw.  The LVDT’s are then passed through the bracket and secured by clamping.  

The core rods are similarly secured to the sample.  Care must be taken when gluing these 

supports so as not to adversely affect the behavior of the sample.   

A.9.1 Equipment 

1. Balance with sensitivity of 0.1 gram 

2. 10240 Epoxy (24 Hour epoxy) 

3. 8 brass studs 

4. Safety glasses 

5. 8 aluminum brackets 

6. Small spatula 

A.9.2 Procedure 

1. Wipe the sides of the specimen with a small amount of acetone to remove any dust 

from the surface. 

2. Secure the 8 brass studs in the LVDT gluing jig. 

- The jig consists of an aluminum base plate and 4 plastic strips with holes located 

so that studs are glued 100 mm apart at the center of the specimen. 

3. Clean the faces of the brass studs with acetone. 
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4. Obtain a small piece of cardboard approximately 2 inches by 2 inches for mixing the 

epoxy. 

5. Place 1.7 grams of the 10240 resin (black portion) on the cardboard after ensuring 

that the balance is level. 

6. Completely clean the spatula and apply 1 gram of the 10240 hardener to the 

cardboard. 

7. Thoroughly clean the spatula again. 

8. Mix the hardener and resin together until a consistent gray color is obtained 

- There should be no black or white streaks in the epoxy. 

9. Carefully load the test specimen into the gluing jig and ensure that it is centered. 

10. Apply a small dab (approximately the size of a tic-tac) of epoxy to each of the studs. 

- The proper amount of epoxy should just create a small bulging ring around the 

glued target. 

- Glue one strip at a time by applying epoxy to the bottom stud first and then, while 

still holding the strip away from the specimen, apply epoxy to the second. 

11. After applying epoxy to all targets ensure that the are tight against the specimen 

12. Use rubber bands to hold the studs in contact with the specimen while the epoxy sets. 

13. Allow the glued sample to stand for at least 20 minutes before securing and aligning 

the aluminum brackets. 

14. After securing the aluminum brackets, stainless steel rods of appropriate diameter are 

used to ensure the alignment of brackets. 
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APPENDIX B  MIXTURE INFORMATION 

This appendix presents tables of information regarding the materials used in this 

study that could not be included in the papers presented in this thesis.   

 
Figure B-1.  Lane configuration for ALF study (Source:  Mitchell, T., K. Stuart, Q. 

Xicheng, G. Al-Khateeb, J. Youtcheff, and T. Harman. ALF Testing for Development of 
Improved Superpave Binder Specification. 2nd International Conference on Accelerated 

Pavement Testing, 2004. 



117 

 

Table B-1.  Mixture Gradation 

Gradation 
Sieve Size 

(mm) 

Percent 
Passing 

19.0 100
12.5 93.8
9.5 85.2
4.75 56
2.36 35.6
1.18 25.1
0.60 18.4
0.30 13.1
0.15 9.3
0.075 6.7

Bulk Dry S.G. 2.947
Bulk SSD SG 2.965
Apparent SG 3.001
Water Abs., % 0.6

 

Table B-2.  Batching and Mixing Information 

Aggregate Mass + Lime (g) 4010    
Asphalt Binder Mass (g) 212.53    
Total Batch Mass (g) 3797.47    

  Mass of Size/Stockpile (g) 
Sieve Size (mm) #68 #78 Sand #10 Lime 

19.0 0.0 0.0 0.0 0.0 0.0 
12.5 265.8 0.0 0.0 0.0 0.0 
9.5 197.5 144.3 0.0 0.0 0.0 
4.75 178.5 789.9 34.2 15.2 0.0 
2.36 22.8 357.0 326.6 155.7 0.0 

Sub-2.36 19.0 91.1 683.5 478.5 38.0 
Masses of batches for Compaction by Mixture Type (g) 

PG 70-22 3964.7     
CR-TB 3945.8     

SBS 3947.7     
Terpolymer 3928.1     
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Table B-3.  Aggregate Source Information 

FHWA Material 
Control Number 

Material 
Designation Source Date of Sample 

B-6263 Grade F and 
G Sand 

Luck Stone 
Leesburg, VA June 12, 2002 

B-6264 No. 78 
Aggregate 

Loudon Quarry, 
Herndon, VA June 12, 2002 

B-6265 No. 68 
Aggregate 

Loudon Quarry, 
Herndon, VA June 12, 2002 

B-6306 No. 10 
Aggregate 

Loudon Quarry, 
Herndon, VA April 1, 2003 

 

Table B-4.  Binder Source Information 

Mixture Binder 
Supplier

Virgin Binder PG 
Grade 

Final Binder 
PG grade 

Control Citgo PG 70-22 N/A 
CR-TB Citgo PG 58-22 PG 76-28 

SBS   PG 58-22 PG 70-28 
Terpolymer Citgo PG 52-28 + PG 64-28 PG 70-28 

 

Table B-5.  Superpave Grading for Modified and Unmodified binder 

Asphalt Binder Type PG 70-22 SBS-LG CR-TB Terpolymer

ALF Lanes 2 and 8 4 and 11 5.0 6 and 12 
Original Binder 

Temp when |G*|/sinδ = 1.00 kPa 73.4 72.4 79.5 78.0 
Temp when MVR = 50 c3 at 10.0 min. 73.6 77.2 80.6 81.2 

Rolling Thin Film Oven Residue 
Temp when |G*|/sinδ = 2.20 kPa 72.9 71.6 81.4 74.5 

Pressure Aging Vessel Residue 
Temp when |G*|/sinδ = 5000 kPa 26.0 18.1 17.9 14.3 

Temp when S at 60 s = 300 kPa (+10C) -23.6 -30.6 -32.9 -31.3 
Temp when m at 60 s = 0.300 (+10C) -23.5 -29.8 -27.6 -34.1 

Critical Cracking Temp using BBR and 
Direct Tension -21.9 -28.9 -31.6 -33.1 

Cracking Temp using BBR alone -22.1 -33.7 -32.9 -31.1 
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APPENDIX C ADDITIONAL CHARACTERIZATION INFORMATION 

Due to length restrictions in the paper submission process it was not possible to 

include some useful information.  This information is presented in this appendix. 

Table C-1.  Shift Factor Function Coefficients for ALF Mixtures in Tension 

Parameters PG 70-22 CR-TB SBS Terpolymer 
α1 0.00068 0.00075 0.00070 0.00077 
α2 -0.16271 -0.16801 -0.16204 -0.16205 
α3 0.79660 0.82139 0.79280 0.79089 

 

Table C-2.  Viscoelastic Damage Characterization Coefficients for ALF Mixtures in 
Tension 

Parameters PG 70-22 CR-TB SBS Terpolymer 
a -0.0010 -0.0016 -0.0017 -0.0054 
b 0.5737 0.5289 0.5449 0.4511 
α 2.1218 2.9630 2.6192 2.4390 

 
Table C-3.  Results of Viscoplastic Characterization for ALF Mixtures in Tension 

Parameter PG 70-22 CR-TB SBS Terpolymer 
p 0.33 0.53 0.60 0.91 
q 1.72 3.25 2.36 2.20 
Y 4.09E+12 2.10E+17 3.33E+14 7.45E+14 
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Table C-4.  Linear Viscoelastic Characterization and Variation for Control at Selected 
Frequencies and Temperatures 

Temperature 
(C ) 

Frequency 
(Hz) 

Average 
|E*| (MPa)

Average 
Phase Angle 

(deg) 

|E*| 
Coefficient of 
Variation (%) 

Phase Angle 
Coefficient of 
Variation (%)

25 33764 3.5 1.4 13 
10 32614 3.5 1.1 22.3 
5 31634 3.8 0.6 25.3 
1 28929 4.7 1.5 21.8 

0.5 27517 5.3 1.0 30.7 

-10 

0.1 24140 8.4 7.1 7.7 
25 23715 8.6 6.8 8.0 
10 21229 9.6 2.0 3.6 
5 20379 9.9 1.9 2.4 
1 16747 11.9 1.4 2.0 

0.5 14663 13.5 1.4 1.8 

5 

0.1 11523 16.6 1.4 3.1 
25 12657 15.3 1.5 1.8 
10 10463 17.8 1.1 3.4 
5 8775 19.7 0.9 5.5 
1 6114 26.0 6.8 3.2 

0.5 4887 31.2 3.2 2.5 

20 

0.1 2739 37.5 3.4 1.5 
25 2626 37.8 3.2 1.4 
10 1630 40.9 3.6 1.4 
5 1200 42.3 2.9 1.3 
1 625 41.0 4.7 6.7 

0.5 480 39.8 2.2 4.2 

40 

0.1 258 33.1 11.4 6.0 
25 633 41.0 4.8 6.8 
10 449 39.5 2.7 4.6 
5 358 37.2 8.5 5.6 
1 204 31.0 13.6 11.5 

0.5 163 27.7 11.0 5.8 

54 

0.1 118 23.1 17.0 26.6 
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Table C-5.  Linear Viscoelastic Characterization and Variation for CRTB at Selected 
Frequencies and Temperatures 

Temperature 
(C ) 

Frequency 
(Hz) 

Average 
|E*| (MPa)

Average 
Phase Angle 

(deg) 

|E*| 
Coefficient of 

Variation 
(%) 

Phase Angle 
Coefficient of 
Variation (%)

25 25736 7.6 2.8 8.7 
10 24332 8.0 2.6 9.0 
5 23162 8.3 2.3 10.0 
1 20402 9.0 2.4 9.5 

0.5 19307 9.5 2.3 11.8 

-10 

0.1 16639 10.4 3.1 12.5 
25 15856 12.3 2.9 3.9 
10 14175 13.1 2.7 3.6 
5 12899 14.0 3.1 4.6 
1 10275 15.6 2.7 3.4 

0.5 9170 17.0 3.3 3.2 

5 

0.1 6919 19.9 3.5 3.0 
25 7311 20.3 2.8 9.1 
10 5752 24.1 3.6 1.9 
5 4757 25.9 4.6 1.1 
1 3104 28.9 5.8 2.4 

0.5 2508 30.7 9.6 2.2 

20 

0.1 1623 33.3 5.7 4.6 
25 1521 34.5 6.4 4.3 
10 1095 35.4 7.0 2.3 
5 864 34.8 7.2 2.4 
1 545 33.7 8.8 6.6 

0.5 469 32.5 2.3 4.6 

40 

0.1 299 27.5 5.3 6.0 
25 559 34.1 9.3 7.2 
10 451 32.4 2.6 5.9 
5 350 30.4 4.8 4.0 
1 256 25.5 8.6 8.7 

0.5 222 23.7 10.4 11.8 

54 

0.1 187 21.7 19.5 12.4 
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Table C-6.  Linear Viscoelastic Characterization and Variation for SBS at Selected 
Frequencies and Temperatures 

Temperature 
(C ) 

Frequency 
(Hz) 

Average 
|E*| (MPa)

Average 
Phase Angle 

(deg) 

|E*| 
Coefficient of 

Variation 
(%) 

Phase Angle 
Coefficient of 
Variation (%)

25 26126 5.9 3.7 9.8 
10 24753 6.4 3.7 9.4 
5 23672 6.6 3.9 9.6 
1 20915 8.0 3.9 8.7 

0.5 19772 8.4 4.1 7.9 

-10 

0.1 16917 9.7 4.8 4.6 
25 16579 11.4 3.7 6.3 
10 14768 12.6 4.4 2.2 
5 13395 13.6 4.3 4.2 
1 10366 16.5 4.5 5.0 

0.5 9202 17.6 4.9 3.6 

5 

0.1 6594 21.4 5.3 3.1 
25 7199 23.0 5.9 3.8 
10 5569 26.3 6.0 1.7 
5 4525 28.2 6.4 1.2 
1 2744 32.3 7.1 2.6 

0.5 2164 33.9 6.9 0.6 

20 

0.1 1250 35.4 6.7 0.2 
25 1240 35.5 6.6 0.2 
10 840 37.1 6.4 3.8 
5 653 35.3 7.6 5.2 
1 401 30.8 3.5 4.1 

0.5 349 29.8 6.0 4.1 

40 

0.1 244 22.5 6.5 7.0 
25 413 31.4 4.1 4.5 
10 337 29.2 5.6 3.7 
5 285 25.4 4.1 4.4 
1 209 20.2 9.9 5.8 

0.5 181 19.1 11.4 6.5 

54 

0.1 152 18.0 12.2 6.9 
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Table C-7.  Linear Viscoelastic Characterization and Variation for Terpolymer at 
Selected Frequencies and Temperatures 

Temperature 
(C ) 

Frequency 
(Hz) 

Average 
|E*| (MPa)

Average 
Phase Angle 

(deg) 

|E*| 
Coefficient of 

Variation 
(%) 

Phase Angle 
Coefficient of 
Variation (%)

25 28832 7.3 3.9 19.2 
10 27502 7.6 4.6 19.5 
5 26183 8.0 5.0 19.8 
1 22734 9.7 5.1 18.7 

0.5 21357 10.5 5.3 17.1 

-10 

0.1 17686 13.2 4.3 12.6 
25 17386 12.9 4.4 17.4 
10 15004 15.7 4.8 7.6 
5 13395 17.0 5.2 7.8 
1 9984 20.7 7.7 5.6 

0.5 8575 22.5 7.4 6.3 

5 

0.1 5702 27.4 7.4 5.2 
25 6714 27.7 7.7 6.0 
10 5023 31.7 6.8 4.1 
5 3903 33.6 6.8 4.4 
1 2211 36.8 8.1 3.8 

0.5 1715 38.1 7.6 2.9 

20 

0.1 954 38.0 6.7 2.1 
25 1042 38.2 7.7 5.5 
10 715 40.2 2.6 3.6 
5 551 38.2 3.7 4.0 
1 326 32.7 5.7 7.1 

0.5 272 30.2 7.1 8.5 

40 

0.1 196 25.1 13.1 13.8 
25 371 34.2 6.5 5.9 
10 286 30.9 6.0 7.3 
5 240 28.7 7.3 8.9 
1 163 23.0 11.6 15.1 

0.5 138 21.9 12.5 15.9 

54 

0.1 111 20.5 14.8 17.1 
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Table C-8.  Results of Relaxation Modulus Interconversion for ALF Mixtures 

Ei (kPa) 
ρi Control CRTB SBS Terpolymer 

2E+16 146 761 757 484 
2E+15 73 232 -98 -41 
2E+14 190 677 268 198 
2E+13 332 1028 366 280 
2E+12 610 1707 687 513 
2E+11 1123 2821 1230 907 
2E+10 2091 4731 2229 1622 
2E+09 3973 8079 4069 2928 
2E+08 7810 14176 7537 5373 
2E+07 16230 25846 14302 10127 
2E+06 36708 49596 28223 19914 
2E+05 92968 101158 59102 41741 
2E+04 264269 218786 133916 95342 
2E+03 789237 488214 328608 238983 
2E+02 2120666 1057929 831475 633676 
2E+01 4380010 2055142 1936358 1601198 
2E+00 5235067 3179172 3506683 3373877 
2E-01 6042725 4004204 4584023 4933720 
2E-02 5462877 4371113 4927099 5816759 
2E-03 4412785 4103669 4302015 5414918 
2E-04 3253285 3455068 3275250 4287119 
2E-05 2268765 2684693 2272945 3041782 
2E-06 1524132 1973613 1488992 2015215 
2E-07 1000217 1396990 941089 1279765 
2E-08 646591 964123 582020 792228 
2E-09 414051 654285 355242 482955 
2E-10 263571 439176 215126 291764 
2E-11 167104 292541 129633 175279 
2E-12 105895 194458 78000 105105 
2E-13 66209 126909 46430 62363 
2E-14 44527 90467 29288 39170 
2E-15 17431 33595 11877 15908 
2E-16 46642 109250 26052 34492 

E∞ 40950 78849 97300 67900 
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 Table C-9.  Results of Creep Compliance Interconversion for ALF Mixtures 

Dj (1/kPa) 
τj Control CRTB SBS Terpolymer 

3E+10 2.27E-06 1.58E-06 5.03E-07 7.52E-07 
3E+09 1.72E-06 8.85E-07 3.48E-07 5.12E-07 
3E+08 2.85E-06 1.29E-06 5.95E-07 8.66E-07 
3E+07 4.28E-06 1.75E-06 9.80E-07 1.41E-06 
3E+06 5.35E-06 2.08E-06 1.50E-06 2.14E-06 
3E+05 4.47E-06 2.01E-06 1.98E-06 2.83E-06 
3E+04 2.21E-06 1.48E-06 1.98E-06 2.86E-06 
3E+03 7.83E-07 8.34E-07 1.32E-06 1.90E-06 
3E+02 2.69E-07 3.99E-07 6.13E-07 8.60E-07 
3E+01 9.51E-08 1.79E-07 2.45E-07 3.33E-07 
3E+00 3.82E-08 8.17E-08 9.93E-08 1.27E-07 
3E-01 2.10E-08 4.07E-08 4.39E-08 5.28E-08 
3E-02 1.03E-08 2.19E-08 2.20E-08 2.55E-08 
3E-03 5.88E-09 1.22E-08 1.12E-08 1.25E-08 
3E-04 3.34E-09 7.14E-09 6.15E-09 6.70E-09 
3E-05 2.00E-09 4.31E-09 3.45E-09 3.68E-09 
3E-06 1.21E-09 2.67E-09 1.99E-09 2.09E-09 
3E-07 7.46E-10 1.69E-09 1.16E-09 1.21E-09 
3E-08 4.62E-10 1.08E-09 6.85E-10 7.08E-10 
3E-09 2.89E-10 6.96E-10 4.06E-10 4.17E-10 
3E-10 4.82E-10 1.29E-09 5.97E-10 6.06E-10 

Dg 2.58E-08 3.11E-08 3.31E-08 2.87E-08 
 

Table C-10.  Linear Viscoelastic Characterization Results for Zero Mean Stress 
Condition for Anisotropy Study 

 Side Cored Normal Cored 
Reduced 

Frequency 
Average 

|E*| (MPa)
Coefficient of 
Variation (%)

Average 
|E*| (MPa)

Coefficient of 
Variation (%) 

1.E+03 39592.2 5.3 37729.0 4.9 
1.E+02 34013.9 3.6 33778.0 6.8 
1.E+01 29018.6 5.5 25698.6 16.2 
1.E+00 22241.7 0.5 21095.8 4.1 
1.E-01 16122.0 2.2 15253.0 4.0 
1.E-02 9899.3 2.8 10005.0 6.1 
1.E-03 5008.0 1.4 4752.9 8.6 
1.E-04 2173.5 3.7 2007.0 15.0 
1.E-05 798.7 3.0 760.6 7.7 
1.E-06 317.4 12.4 295.3 35.5 
1.E-07 143.6 21.8 147.7 9.1 
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Table C-11.  Linear Viscoelastic Characterization Results for Zero Maximum Stress 
Condition for Anisotropy Study 

 Side Cored Normal Cored 
Reduced 

Frequency 
Average 

|E*| (MPa)
Coefficient of 
Variation (%)

Average 
|E*| (MPa)

Coefficient of 
Variation (%) 

1.E+03 27755.7 10.5 26879.7 3.1 
1.E+02 24738.6 10.5 23328.1 1.8 
1.E+01 19625.9 10.2 19597.0 6.2 
1.E+00 14601.1 10.9 14455.3 0.7 
1.E-01 9828.1 7.2 9692.1 1.3 
1.E-02 5477.1 8.7 5786.1 0.2 
1.E-03 2663.0 9.8 2701.8 3.8 
1.E-04 961.8 15.4 1135.0 14.8 
1.E-05 386.0 14.2 488.5 7.0 
1.E-06 165.5 38.1 266.0 20.8 
1.E-07 118.3 7.6 263.6 8.8 

 

Table C-12.  Accumulated strain in Linear Viscoelastic Characterization for Anisotropy 
by Method 

 sctc - t1 nctc - t1 scc - t1 ncc - t1 
  Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2
Accum. µε 
@ -10C 

3 12 1 1 3 -3 32 18 18 16 18 

Accum. µε 
@ 10C 

-40 -27 -16 -23 -36 -42 351 394 425 206 240 

Accum. µε 
@ 35C 

231 160 167 118 246 -95 2131 2157 1564 830 1129

Accum. µε 
@ 54C 

373 379 239 132 272 3 654 1469 848 271 368 

Total 
Accum. µε 568 525 391 228 486 -138 3168 4039 2855 1323 1755

Average 
Accum. µε 

494 192 3354 1539 

** sctc designates horizontally cored zero mean stress test 
** nctc designates vertically cored zero mean stress test 
** scc designates horizontally cored zero maximum stress test 
** ncc designates vertically cored zero maximum stress test 
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Figure C-1.  Anisotropy behavior of asphalt concrete under uniaxial tensile loading 

(horizontal and vertical cores noted by S and N respectfully) 
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Figure C-2.  Anisotropy behavior of asphalt concrete under uniaxial compressive loading 

(horizontal and vertical cores noted by S and N respectfully) 
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