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CHAPTER 1. INTRODUCTION 
 

A better understanding of fatigue behavior of asphalt mixtures is required to 
improve asphalt mixture design and hot mix performance.  In project 0-1707, we are 
charged to investigate the impact of aggregate hot mix asphalt (HMA) performance. 
However, accurate prediction and evaluation of fatigue is a difficult task not only because 
of the complex nature of fatigue phenomena but also because fatigue testing is expensive 
and time-consuming.  In 1992, the Strategic Highway Research Program (SHRP) 
considerably improved the understanding of fatigue behavior of asphalt mixtures; 
however, the development of a reasonable testing protocol for binders and mastic 
(combination of binder, filler, and entrapped air) remains a challenge.  Recently, 
Anderson et al. examined binder fatigue performance using the dynamic shear rheometer 
(DSR) and concluded that the DSR is not suitable for characterizing the fatigue behavior 
because of unstable flow and edge fracture effects (2001).  An appropriate fatigue test 
must allow one to monitor fatigue by observing how a material changes during the test, 
and failure must be based on a well-defined fatigue failure point.  

 
In addition to the need for development of a reasonable fatigue testing method, 

the definition of fatigue life (the number of loading cycles to failure) has been a 
controversial issue.  Recently, the popular and arbitrary failure criterion of 50 percent 
loss in stiffness or modulus from its initial value in controlled-strain tests has been 
questioned.  Instead, other criteria based on changes in phase angle during fatigue testing 
as proposed by Reese (1997) or 50 percent loss in pseudo stiffness as proposed by Lee 
(1996), Kim et al. (1997), and Lee et al. (2000) may be more realistic criteria.  Still other 
dissipated energy concepts, including reduced energy ratio, have been advocated in 
studies by Hopman et al. (1989), Rowe (1993), and Rowe and Bouldin (2000), and these 
are indeed promising and scientifically sound.   

 
Based on a reasonable definition of fatigue failure, a fatigue life prediction model 

can be developed.  In general, there are two main approaches: phenomenological and 
mechanistic.  The phenomenological fatigue model is simple to use; however, it does not 
account for damage evolution throughout the fatigue process. On the other hand, 
mechanistic models are derived from fundamental principles of fracture mechanics or 
damage mechanics. The mechanistic approach is inherently more complex than the 
phenomenological approach but is more widely accepted because it is based on material 
properties and damage characteristics.  

 
The quality of the binder and/or mastic influences fatigue damage and fracture of 

asphalt mixtures, since the fatigue damage initiates with cohesive and/or adhesive 
microcracking in the mastic.  Because crack phenomena (cohesive and adhesive fracture) 
are governed substantially by properties of the binder and/or mastic, many researchers 
including Anderson and Goetz (1973) and Bahia et al. (1999) have studied binder 
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modification and mastic quality improvement.  However, the synergistic mechanisms due 
to the addition of binder modifiers and fillers have not been fully understood.  

 
 
PROBLEM STATEMENTS AND RESEARCH OBJECTIVES 
 

Fatigue cracking in asphalt concrete pavements is considered one of four primary 
distresses, along with rutting, low-temperature cracking, and moisture damage.  As 
discussed earlier, fatigue cracks initiate as microcracks and are followed by a crack 
propagation process including coalescence of the microcracks.  Since microcracking is 
mostly governed by mastic properties, better prediction of mixture performance is 
possible if the fatigue behavior of the mastic is appropriately evaluated.  A relatively 
accurate and repeatable testing methodology in assessing the fatigue behavior of mastics 
and/or binders is necessary.  Successful development of the testing protocol can allow 
one:  
• to understand fatigue behavior in asphalt mixtures more accurately using 

comprehensive investigation of fatigue performance;  
• to define fatigue failure more reasonably;  
• to understand the effects of the addition of fillers and/or modifiers; and  
• to develop a better model for predicting fatigue performance.   

 
Phenomenological approaches have been utilized to model damage-induced 

behavior, such as fatigue cracking, since phenomenological modeling is easy to do and 
simple to use.  However, this type of modeling is not based on fundamental material 
characteristics and damage evolution; consequently, the phenomenological models are 
limited in use.  Development of a mechanic-based damage model is necessary to predict 
damage evolution and overall structural behavior of asphalt mixtures.   

 
The specific objective of this research was to develop a specification-type test 

capable of evaluating the import of the fine aggregate and mineral filler fraction of 
aggregate on fatigue damage in HMA. 
 
 
RESEARCH METHODOLOGY 
 

An organization chart illustrated in Figure 1 presents research methods used to 
meet the objectives of this study.  A primary task was development of rapid, repeatable, 
and accurate mechanical tests to characterize constitutive relations and to assess fatigue 
damage of bitumen or mastic systems.  The newly developed method used cylindrical 
sand asphalt mixtures under the strain-controlled mode to avoid unstable permanent 
deformation and to derive microcracks initially and coalescence of the microcracks 
eventually.  

 
To meet the research objective, the material selection took into account: 
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• various compositional combinations of bitumen;  
• bitumen modified with polymer additives;  
• filled bitumen or mastics (especially with active fillers or those that demonstrate 

an interaction between the filler and the bitumen, i.e., hydrated lime); and  
• bitumen with and without aging.  The experimental design, which is based on the 

material selection, was established to define material-dependent mechanical 
characteristics and fatigue behavior.   
 
Researchers performed two main categories of tests, including constitutive tests to 

determine linear viscoelastic material properties of sand asphalt mixtures and strain-
controlled fatigue tests to evaluate fatigue damage resistance and healing potential.  
Linear viscoelastic material properties were determined by performing well-known 
constitutive tests, such as dynamic frequency sweep tests within the linear viscoelastic 
region.  Long-time constitutive relations can be obtained by using the time-temperature  
superposition concept after performing tests at several different temperatures.  In an 
attempt to evaluate fatigue damage, strain-controlled cyclic tests (time sweep mode) were 
performed at several strains at 25oC and 10 Hz.  Selected strain levels are high enough to 
develop fatigue damage. Stiffness reduction and phase angle change due to damage 
accumulation was monitored as the number of loading cycles increased.  Based on 
comprehensive observation of the fatigue behavior of various sand asphalt mixtures, 
identification of the general fatigue phenomenon and a reasonable definition of fatigue 
failure were made.  Material-dependent fatigue behavior was also investigated.  
Hysteretic stresses and strains at each loading cycle were measured to quantify the 
fatigue damage using nonlinear viscoelastic theory.   

 
Researchers performed mechanical analyses of test data for both non-damaged 

and damaged behavior.  Time-dependent linear viscoelastic material properties of sand 
asphalt mixtures were identified to understand fundamental material characteristics.  
Effects of filler addition and binder modification on the mechanical behavior of neat 
materials were evaluated by monitoring the viscoelastic material properties. 

 
The research team performed stress analyses of damage-induced fatigue behavior 

by employing Schapery’s nonlinear viscoelastic model (1984).  Schapery proposed the 
extended elastic-viscoelastic correspondence principle, which is applicable to both linear 
and nonlinear viscoelastic materials.  Based on pseudo variable concepts, the extended 
correspondence principle separates the linear viscoelastic relaxation mechanism from 
damage accumulation in viscoelastic materials.  Specimens that experience significant 
damage typically deviate from the linear stress – pseudo strain domain.  The deviation 
can be identified by synergistic nonlinearities, and it is hypothesized that structural 
damage is the most dominant factor causing nonlinearity.  Damage accumulation was 
demonstrated by observing the stress – pseudo strain behavior during fatigue testing.  
This analytical technique was applied to fatigue testing data to assess each material’s 
fatigue resistance.   
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Figure 1. Organization Chart Describing Research Methodology. 
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In addition, the pseudo variable nonlinear viscoelastic theory was incorporated 
with the analytical continuum damage mechanics and work potential theory.  Park (1994) 
and Lee (1996) have applied the technique for multiaxial viscoelastic bars and uniaxial 
asphalt concrete samples, respectively, to develop continuum damage mechanical 
models.  In particular, Lee et al. developed a fatigue performance prediction model of 
asphalt concrete under uniaxial cyclic loading (2000).  A fatigue life prediction model for 
this study was achieved based on modification of the original model by Lee et al. (2000).  
Newly defined fatigue failure criteria and a different mode of loading condition were 
taken into account in this study.   

 
 
ORGANIZATION OF THE REPORT 
 

This report is composed of seven chapters.  Following this introduction, Chapter 
II describes newly developed testing methods to determine fundamental viscoelastic 
material properties and fatigue damage characteristics of asphalt binders and mastics.  
The initial testing protocol developed by Kim and Little is discussed in detail in the 
chapter.  Selected materials used to validate the approach and background associated with 
the material selection are presented in Chapter III. A description of laboratory testing and 
representative testing results are presented in Chapter IV.  Based on theories presented in 
Chapter II, Chapter V shows mechanical data analyses for the results with and without 
damage.  Effects of additives (filler and/or polymer), and material aging on fundamental 
material characteristics and damage behavior are discussed in this chapter using the 
theory of viscoelasticity and continuum damage mechanics.  Chapter VI describes a 
method developed to evaluate moisture damage in dynamic mechanical analysis (DMA) 
experiments.  Chapter VII describes the evolution of the DMA method to not only 
consider the bitumen or mastic but also different fine aggregate (smaller than about the 
No. 16 sieve).  Chapter VII describes the work done by Zollinger  to validate the 
approach (2005).  Finally, Chapter VIII provides a summary of findings and conclusions 
of the study.  Recommendations for future research are also presented in this chapter.       
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CHAPTER 2. DEVELOPMENT OF TESTING METHODS 
 

Fatigue damage and fracture initiates with cohesive and/or adhesive 
microcracking and propagates as the microcracks grow and coalesce.  Since crack 
phenomena (cohesive and adhesive fracture) are governed substantially by properties of 
the mastic, mixture performance can be improved if the mastic is engineered to resist 
fracture and fatigue.  Furthermore, several studies by Kim (1988), Kim et al. (1990, 1994, 
and 1995), and Bahia et al. (1999) have shown that microcracks heal during rest periods.  
In particular, Bahia et al. showed significant effects of rest periods on fatigue damage 
recovery in dynamic shear rheometer tests using various binders. The general findings 
from those studies are that fatigue damage and healing potential are strongly related to 
binder characteristics, additive properties in the binder, interaction between the binder 
and additives, and various phenomenon that affect microcrack development and growth 
in the mastic.  Many researchers including Soenen and Eckmann (2000), Anderson et al. 
(2001), and Bonnetti et al. (2002) have used DSR to evaluate fatigue behavior of binders 
and mastics.  However, DSR is not suitable for characterizing the fatigue behavior 
because of unstable flow and edge fracture effects at intermediate (realistic fatigue 
performance) temperatures such as 25oC. This fact was demonstrated in a study by 
Anderson et al. (2001).  For this reason, the development of a reasonable testing protocol 
for binders and mastics is required.  An appropriate fatigue test must allow one to 
monitor fatigue by observing how a material changes during the test, and failure must be 
based on a well-defined fatigue failure point.   

 
This chapter presents a testing instrument and methods to replace the DSR fatigue 

tests.  The current approach is expected to be suitable to monitor fatigue damage, starting 
with microcracks, as well as fundamental material characteristics of binders and mastics.  
Linear and/or nonlinear viscoelastic theories associated with testing data are also 
presented to perform stress analyses.        
  
 
DYNAMIC MECHANICAL ANALYZER 

 
To derive reasonable fatigue cracks and to measure fatigue damage, a dynamic 

mechanical analyzer, RMS-800/RDS-II of Rheometrics, Inc., was employed.  The DMA 
was originally intended to be used as a mechanical test system for evaluating viscoelastic 
properties of materials, especially polymers.  The materials can be in solid, melt, or liquid 
state.  The DMA system consists of three main components: a test station, a system 
controller, and control computers.  An environmental controller is optionally used for 
temperature control.  The environmental controller provides low temperatures down to –
150oC using liquid nitrogen and high temperatures up to 600oC using a controlled electric 
heater.  The DMA setup is shown in Figure 2.   
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The impetus for the DMA testing of asphalt was originally from work performed 

by Goodrich (1988, 1991), Christensen and Anderson (1992), and Smith and Hesp 
(2000).  Specifically, Smith and Hesp demonstrated that controlled-strain testing of 
mastics in a DMA leads to a controlled rate of microcrack development and growth, 
whereas controlled-stress testing would lead to rapid and uncontrolled crack growth 
(2000).  Differences between the current study and those studies include the sample 
geometry used, the sample composition, and the loading sequence (including rest 
periods).  A cylindrical rather than a rectangular sample was adopted in an attempt to 
avoid complex stress distribution in the samples and to make calculation easier.  
Rectangular samples have been the typical testing geometry for DMA.  Sand asphalt 
mixtures were employed so that samples could be tested at an intermediate temperature to 
minimize unstable plastic flow.  A sample holder capable of properly securing the 
cylindrical sample was developed.  Epoxy glue was used to secure the sand asphalt 
sample to the holder.  In the gluing process, care was taken not to cause any undesirable 
stress concentrations.  Figure 3 shows a schematic diagram of the cylindrical DMA 
sample with holders.  Each sample was mounted in the DMA instrument, and the 
chamber was closed and allowed to equilibrate to the desired testing temperature.  All 
tests were started after at least a 20-minute equilibration period at the test temperature.  
Figure 4 shows the cylindrical sand asphalt sample configuration installed in the DMA.     

 

 
 

Figure 2. Dynamic Mechanical Analyzer. 
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The DMA machine measures resisting torque of a sample due to sinusoidal 
displacement-controlled rotational input.  According to a study by Reese, torsional 
loading is a better simulation of damage than bending loads when considering traffic 
movements(1997).  Test data (applied displacement and corresponding torque response) 
were collected by a data acquisition (DAQ) system with a 16-bit multichannel board.   
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Figure 3.  Schematic Diagram of the Cylindrical DMA Sample with Holders. 
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VISCOELASTIC STRESS ANALYSIS OF TORSIONAL CIRCULAR BARS  
 

Figure 5 simply illustrates a sand asphalt sample installed in the DMA.  The solid 
circular sand asphalt sample of length L  and constant radius R  is subjected to a twisting 
moment (torque) T , so as to produce a prescribed angle of twist ϕ .  For a viscoelastic 
material, this problem can be treated by an approximate method to solve for the torque 
and stress distribution as a function of time resulting from the prescribed angle of twist.  
Equilibrium equations governing the problem are automatically satisfied because the 
problem is statically determinate.  
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Cylindrical Sand Asphalt Sample Installed in the DMA. 
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Displacement of a general point can be reasonably expressed as a tangential 

direction displacement, θu , in cylindrical coordinates zr ,,θ : 
 

rzttu )()( Θ=θ           (1) 
 

Where 
L
tt )()( ϕ

=Θ  = angle of twist per unit length.     (2) 

 
The only valid strain-displacement relationship considering the tangential displacement, 
θu , is given by:  

 

θ
γ θ

∂
∂

+
∂

∂
=

)(1)(
)( tu

rz
tu

t z         (3) 

 
Where )(tγ  = shear strain as a function of time. 
 
It should be noted that the second term in Equation 3 is negligible, because vertical 
displacement )(tuz  is assumed to be zero.  If the material is isothermal linear viscoelastic, 
the constitutive equation in terms of a convolution integral is given as follows: 
 

∫ ∂
∂

−=
t

dtGt
0

)()( ξ
ξ
γξτ         (4) 
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r
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ϕtwisting

L
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Figure 5. Simple Illustration of the Cylindrical Bar under Torsion. 
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∫ ∂
∂

−=
t

dtJt
0

)()( ξ
ξ
τξγ         (5) 

 
Where )(tτ = time-dependent shear stress,  

)(tγ = time-dependent shear strain,  
)(tG  = shear relaxation modulus,  
)(tJ = shear creep compliance,  

 t =  time of interest, and  
ξ = time-history integration variable.   

 
The torque )(tT  required to maintain a constant angle of twist )(tΘ  can be 

calculated as follows by summing the moment of tangential force increments over the 
cross-sectional area: 
 

∫ ∫=
π

θτ
2

0 0

)()(
r

rdrdtrtT          (6) 

 
It should be noted that the shear stress in Equation 6 is not necessarily linear viscoelastic.  
Equation 6 can be expressed in the following simple form: 
 

r
J
tTt )()( =τ           (7) 

 

Where ∫ ∫=
π

θ
2

0 0

3
r

drdrJ  = polar moment of inertia.     (8) 

 
Substituting Equation 1 into Equation 3 yields shear strain resulting from the 
displacement measurements:   

r
L
tt )()( ϕγ =           (9) 

 
With the displacement function )(tϕ , linear viscoelastic material property )(tG , 

and sample geometry, corresponding shear stress and shear strain as a function of time 
can be calculated by Equations 4 and 9.  Alternatively, the shear stress can also be 
determined by Equation 7, when the resisting torque is measured.  Given measurements 
of the displacement and torque, the linear viscoelastic material property is identified 
based on the constitutive relation, and viscoelastic stress analyses can be conducted 
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analytically and/or numerically.  The DMA instrument typically requires an oscillatory 
twisting displacement as input and provides resisting transducer torque responses. 

       
Under dynamic loading conditions, viscoelastic materials normally produce 

frequency-domain dynamic properties such as storage modulus, loss modulus, and the 
phase angle between stress and strain due to time-dependency.  The combined form of 
the storage and loss properties reduces to a complex modulus and a dynamic modulus: 

 

[ ] [ ]2"2'* )()()( ωωω GGG +=        (10) 
 

)()()( "'* ωωω iGGG +=         (11) 
 

⎥
⎦

⎤
⎢
⎣

⎡
= −

)(
)(tan)( '

"
1

ω
ωωφ

G
G          (12) 

 
Where )(* ωG  = dynamic shear modulus,  

)(* ωG  = complex shear modulus,  
)(' ωG  = storage shear modulus,  
)(" ωG  = loss shear modulus,  

)(ωφ  = phase angle, 
ω = angular frequency, and 
i  = 1− . 
 

The shear stress-shear strain relation under the sinusoidal harmonic dynamic loading 
condition can be represented by:  
 

)()()( * tGt γωτ =          (13) 
 

The relaxation modulus as a function of time can be determined by static creep, 
static relaxation, and/or dynamic frequency sweep tests within the linear viscoelastic 
region.  Because DMA usually employs dynamic loading, such as oscillatory vibration, 
the dynamic frequency sweep tests are performed to determine the linear viscoelastic 
relaxation behavior of materials.  This is based on the theory of linear viscoelasticity 
inferring correspondence between frequency-domain and time-domain.  

 
Data plots of the linear viscoelastic modulus and frequency require a curve-fitting 

function to be used in determining the linear viscoelastic relaxation modulus.  Among 
many candidate models, the generalized Maxwell model, which is shown in Figure 6, is 
frequently used because it fits the data more precisely and provides better efficiency in 
mathematical implementation than other models.  Mathematical expression of the 
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generalized Maxwell model is typically called a Prony series. Prony series 
representations (Christensen, 1982) of storage and loss modulus as a function of 
frequency are presented in Equations14 and15 as follows: 
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ρωω         (14) 
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ρω
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The regression constants in Equations 14 or 15 can be determined by a so-called 
collocation method that is a matching procedure between the measured data and the 
analytical representation at several collocation points.  More detailed information on the 
collocation method is given by Huang (1993).   
 

Given parameters from a Prony series representation determined from the 
dynamic frequency sweep test, static relaxation modulus as a function of time can be 
illustrated by Equation 16.  The static relaxation modulus is easily formulated by using 
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Figure 6. Generalized Maxwell Model Analog for Viscoelastic Relaxation. 
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the same Prony series material parameters ∞G , iG , and iρ , which are determined from 
linear viscoelastic dynamic frequency sweep testing.      
 

i

tn

i
ieGGtG ρ

−

=
∞ ∑+=

1
)(          (16) 

 
As discussed, the dynamic shear modulus is defined as an absolute value of the 

complex shear modulus.  However, in typical DMA testing, the dynamic shear modulus 
is determined by monitoring the ratio of the peak stress to the peak strain at each cycle, as 
shown in Equation 17:  

 

0

0*

γ
τ

=G           (17) 

 
Where *G  = dynamic shear modulus,  

0τ = peak stress measured at each cycle, and  

0γ = applied cyclic strain amplitude.   
 
Equation 17 can be defined in both linear and nonlinear viscoelastic behavior.  The linear 
viscoelastic dynamic modulus is determined by measuring peak stress and peak strain 
within the linear viscoelastic region.  If the material is behaving in a nonlinear 
viscoelastic manner due to damage, nonlinear moduli can be introduced.  As Golden et al. 
presented, a nonlinear complex modulus may be written as (1999): 
 

δ

γ
τ i

NL eG
0

0* =           (18) 

 
Where *

NLG = nonlinear complex shear modulus, and 
δ = nonlinear viscoelastic phase angle. 

 
With the nonlinear complex shear modulus (Equation 18), the nonlinear storage, loss, and 
dynamic moduli are, respectively, as follows: 
 

δ
γ
τ

cos
0

0' =NLG           (19) 

 

δ
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[ ] [ ]
0

02"2'*

γ
τ

=+≡ NLNLNL GGG        (21) 

 
Where  '

NLG = nonlinear storage shear modulus, 
 "

NLG = nonlinear loss shear modulus, and 

 *
NLG = nonlinear dynamic shear modulus. 

 
Once the linear viscoelastic relaxation modulus is defined, Schapery’s extended 

elastic-viscoelastic correspondence principle based on pseudo variables can be employed 
to evaluate damage-induced nonlinear viscoelastic behavior (1984).  Schapery stated that 
constitutive equations for certain viscoelastic media are identical to those for the elastic 
cases, but stresses and strains are not necessarily physical quantities in the viscoelastic 
body.  Instead, they are pseudo variables.  

 
Assuming that Poisson’s ratio is independent of time, torsional shear pseudo 

strain under the pure shear condition is written as (Schapery, 1974): 
 

∫ ∂
∂

−≡
t

R

R dtG
G

t
0

)(1)( ξ
ξ
γξγ         (22) 

 
Where  )(tRγ  = pseudo strain in the shear mode, and 

RG = reference shear modulus that is an arbitrary constant. 
 
As shown in Equation 22, the calculation of pseudo strain can be performed by 
presenting the relaxation modulus and the strain as analytical functions of time and 
integrating the product of these functions.  With the use of the definition of pseudo strain 
in Equation 22, Equation 4 can be rewritten as follows: 
 

)()( tGt R
Rγτ =          (23) 

 

The extended correspondence principle separates the viscoelastic relaxation 
mechanism from damage accumulation in viscoelastic materials.  Specimens that 
experience significant damage exhibit hysteretic loops when plotted in the stress – pseudo 
strain domain.  Damage accumulation can be demonstrated by observing changes in the 
loop area and loop chord-slope during mechanical tests, such as fatigue testing. 

In an attempt to quantify damage accumulation, Kim et al. (1994, 1995) 
introduced a simple damage parameter, pseudo stiffness, RS : 
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R
m

mRS
γ
τ

=            (24) 

 
Where  RS = pseudo stiffness,  

R
mγ = maximum pseudo strain in each physical stress-pseudo strain cycle, and 

mτ = physical stress corresponding to R
mγ .  

  
The analytical harmonic representation of the twisting displacement at time t  

under the zero means the cyclic displacement condition can be expressed as: 
 

)()sin()( tHtt o ψωϕϕ +=         (25) 
 
Where oϕ = twisting amplitude of the sinusoidal vibration,  
 ω = angular velocity,  
 ψ = regression constant, and 
 )(tH = Heaviside step function. 
 
The regression constant is necessary to match the analytical functions of displacement 
history with measured displacement data at the same loading time.  Substituting Equation 
25 into Equation 9 yields the respective oscillatory shear strain history at time t : 
 

)()sin()( 0 tHt
L

r
t ψω

ϕ
γ +=            (26) 

 

0
0 γϕ

=
L
r  

 
Where 0γ = shear strain amplitude. 
 
Substituting Equation 26 in the definition of pseudo strain, Equation 22, analytically 
yields the respective pseudo strain at time t  as: 
 

[ ])sin()(1)( *
0 φψωωγγ ++= tG

G
t

R

R       (27) 

 
Where )(* ωG  = linear viscoelastic dynamic modulus in shear mode, and  

φ  = linear viscoelastic phase angle.   
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This shear pseudo strain calculation requires knowledge of linear viscoelastic dynamic 
shear modulus and phase angle.  These mechanical properties can be determined from 
constitutive testing, such as DMA dynamic frequency sweep testing.  Therefore, pseudo 
strain at any time can be easily predicted with a well-defined strain history as a function 
of time and two linear viscoelastic material properties: dynamic modulus and phase 
angle.  
 

In the study of fatigue, only the peak pseudo strain within each cycle is typically 
used.  The pseudo strain reaches the peak pseudo strain in each cycle when the sine 
function in Equation 27 becomes 1.  By assuming the value of the reference shear 
modulus, RG  to be unity, Equation 27 can be rewritten as:  
 

)(*
0 ωγγ GR

m =           (28) 
 
Where R

mγ  = peak pseudo strain in each cycle. 
 
Thus, the peak pseudo strain at any loading cycle can be easily obtained whenever the 
linear viscoelastic dynamic modulus and the strain amplitude are known.    
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CHAPTER 3.  MATERIALS AND SAMPLE FABRICATION 
 
 

This chapter presents selected materials for this study and the background 
associated with the material selection.  Then, procedures of sample fabrication are 
briefly described.  Cylindrical sand asphalt samples installed in the dynamic 
mechanical analyzer were fabricated to estimate fatigue damage, including 
viscoelastic material characteristics.  A newly developed fabrication technique of the 
sand asphalt samples is presented.    

 

MATERIALS 

Researchers selected two SHRP-classified neat binders, AAD-1 and AAM-1, 
because of their very different compositions showing a wide range of aromatics, 
amphoterics, and wax contents.  Little et al. demonstrated that the binders AAD-1 and 
AAM-1 showed the greatest difference among various SHRP-classified binders in 
terms of fracture and healing characteristics (1999).  They found that fracture and 
healing are both related to surface energy (cohesive and adhesive, depending on the 
proximity of the crack) through fundamental principles of viscoelastic fracture 
mechanics.  The experimental results demonstrated an inverse relationship between 
the healing potential and Lifshitz-Van der Waals surface energy and a direct 
relationship between the healing potential and acid-base surface energy.  Binder 
AAM-1 has a higher acid-base and much lower Lifshitz-Van der Waals surface 
energy than AAD-1.  The selection of the binders AAD-1 and AAM-1 is based on the 
fact that the two distinct, compositionally different asphalt binders will show 
significantly sensitive behavior to fracture and healing.  Table 1 shows rheological 
properties and compositional characteristics of binders AAD-1 and AAM-1 
(Moulthrop, 1990; Little et al., 1998).          
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Table 1. Rheological Properties and Compositional Characteristics of Binder 
AAD-1 and AAM-1 (Moulthrop, 1990; Little et al., 1998). 

 

      AAD-1   AAM-1 

 

Rheological Properties 
 
Viscosity of  60oC, poise  1055    1992 
Original Binder 135oC, cSt  309    569 
 
Viscosity after  60oC, poise  3420    3947 
RTFO1 Aging  135oC, cSt  511    744 
 
Penetration of  25oC, dmm  135    64 
Original Binder 4oC, dmm  9    4 
 
Compositional Characteristics 
 
Amphoteric Content    High    Low 
Aromatic Content    Low    Low 
Wax Content     Low    High 
 
Note 
RTFO1: Rolling Thin Film Oven 

 

 

Many experimental results demonstrate the substantial influence of binder 
modification on asphalt mixtures.  Polymer additives have shown the ability to 
change the microstructure, morphology, and fracture mechanisms that occur in 
asphalt binders. A series of studies by Shin et al. (1996) and Bhurke et al. (1997) 
demonstrated that the fracture morphology of asphalt concrete is highly dependent on 
the morphology of the binder.  They observed a network structure of various 
polymer-modified binders in thin asphalt binder films and correlated the network 
structural characteristics to fracture toughness.  Hui et al. (1994) and Lee and Hesp 
(1994) demonstrated that rubber-modified or polyethylene-modified binders improve 
low temperature fracture performance, and that greater toughening occurs with more 
finely dispersed polymers and with greater compatibility at the interface between the 
polymer and binder.  Recently, Bahia et al. presented the effects of binder 
modification by assessing nonlinear viscoelastic and fatigue properties of various 
polymer-modified binders based on testing results using DSR (1999).  They found 
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that both strain dependency and fatigue are highly sensitive to the composition of 
binders, type of additive, temperature, aging, and interactions of these factors.  

  

In an attempt to evaluate physical/mechanical effects of binder modification 
on fracture fatigue, several different polymer-modified binders and one particular 
fabricated rubber particle modified binder was selected.  All the polymer-modified 
binders are combinations of the two unmodified binders, BASE and FLUX.  Polymer 
addition was achieved through high shear blending.  The binder combinations and the 
percentage of modifier are shown in Table 2.  The base material for the rubber 
particle modified binder was originally soft with a low viscosity.  The viscosity 
increased considerably after air blowing and some light component evaporation.  The 
air blown modified binder was then blended with 12 percent (by weight) of rubber 
particles at 260oC while stirring at 1600 rpm for three hours.  Since the blend is 
composed of a high rubber content cured at a relatively high temperature with a high-
shear mixer, the generic term, high cure rubber (HCR) is used.   

 

Furthermore, the HCR binder was aged at two different levels to investigate 
effects of material aging on damage and healing characteristics.  A 1-mm thick HCR 
binder film in a tray was stored in a 60oC environmentally controlled room for three 
months and six months, respectively.  It is assumed that one month of aging in the 
laboratory is equivalent to one year in the field. Thus, three months and six months 
laboratory aging are equivalent to three and six years of field aging, respectively.  A 
detailed description of HCR binder fabrication and the aging process can be found 
elsewhere (Glover et al., 2000).   

 

Table 2. Binder Combinations and Percentage of Modifier. 
 
Binder     Binder Combinations  % of Modifier 
 
BASE             Unmodified    
 
AirBlown   100% FLUX  
 
SBS-LG   58.9% FLUX   3.75 
    41.1% BASE 
 
EVA    100% FLUX   5.5 
 
ELVALOY   50% FLUX   2.2 

50% BASE 
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In addition to the significant effects from binder modification with polymeric 
materials, mineral fillers also play a major role in the behavior of the asphalt 
mixtures, and it is the primary focus of the project 0-1707 to investigate the role of 
the mineral filler.  The importance of fillers in asphalt mixtures has been studied 
extensively by Anderson and Goetz (1973), Anderson (1987), Harris and Stuart 
(1995), Kavussi and Hicks (1997), Cooley et al. (1998), and many others.  Fillers fill 
voids between coarse aggregates in the mixture and alter properties of the binder 
because the filler acts as an integral part of the mastic (combination of bitumen, filler, 
and entrapped air).  The quality of the mastic influences the overall mechanical 
performance of asphalt mixtures as well as placement workability.  An interactive 
physico-chemical effect between the filler and the binder related to the fineness and 
surface characteristics of the filler typically influences fatigue fracture characteristics.  
According to a study by Craus et al., the physico-chemical aspect is related to 
adsorption intensity at the filler-binder interface, and higher surface activity 
significantly contributes to stronger bonds at the filler-binder interface (1978).  It can 
be inferred that the interactive role associated with the physico-chemical reaction is 
influenced by the type of binder and filler as well.  Lesueur and Little demonstrated 
that hydrated lime reacts quite differently as a filler with asphalt AAD-1 than with 
asphalt AAM-1 (1999).  They hypothesized that hydrated lime interacts with some of 
the plentiful polar components of AAD-1 but is relatively inert in the well-dispersed 
AAM-1.  The different interactions between hydrated lime and asphalt have 
subsequently been documented by Hopman et al. (1999) and Buttlar et al. (1999).  
Based on these findings, two fillers (limestone and hydrated lime) were selected to 
assess the filler effect for this study.  Figure 7 presents the particle size distribution of 
each filler.  Geometric characteristics of the filler particles were inspected using the 
environmental scanning electron microscope (ESEM).  Figures 8 and 9 demonstrate 
that both limestone and hydrated lime particles show geometric irregularity in surface 
texture and non-spherical shape.  
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Figure 7. Particle Size Distribution of Each Filler. 
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Figure 8. Environmental Scanning Electron Microscopy Image of Limestone  
      Filler. 

 
 

Figure 9. Environmental Scanning Electron Microscopy Image of Hydrated 
Lime. 
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As mentioned in previous chapters, this study employed cylindrical sand 
asphalt mixtures installed in the DMA instrument.  Each binder and mastic was mixed 
with Ottawa sand to form the sand asphalt.  Ottawa sand is a relatively clean and 
uniformly graded aggregate, as shown in Figure 10.  Approximately 70 percent sand 
particles are within #30 sieve (0.6 mm mesh size) to #50 sieve (0.3 mm mesh size).  
The selected Ottawa sand satisfied the particle gradation required for standard sand 
(ASTM C 778-99).  Table 3 summarizes all selected materials for this study. 
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Figure 10. Gradation of Ottawa Sand and Upper and Lower Bound Required 
for Standard Sand. 
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Table.3. Summary of Selected Materials. 

 
Material Category        Material Selected   Remarks 
 
Neat Binder   AAD-1  SHRP binder 

  AAM-1  SHRP binder 
    BASE   One of two unmodified 
       binders (BASE and FLUX) 
 
Modified Binder  AirBlown  Modified by air blowing 
    SBS-LG  Styrene-Butadiene-Styrene 
       (Linear-Grafted)  
    EVA   Ethylene-Vinyl-Acetate 
    ELVALOY  Particularly fabricated binder 

HCR   High cure crumb rubber 
       modified binder 
 
Binder Conditioning  Unaged  Two different levels of aging 
    Aged   were simulated for the HCR 
 
Fillers    Limestone  Control filler 

Hydrated Lime Active filler   
 
Aggregate   Ottawa Sand  Clean standard sand 
  

 

 

SAMPLE FABRICATION 

 
Each binder and mastic was mixed with Ottawa sand to form a sand asphalt 

mixture.  Eight percent binder by weight of dry sand was mixed and compacted at pre-
determined mixing and compaction temperatures.  The 8-percent asphalt content was 
selected as a reasonable arbitrary value to provide an average “film thickness” of 
approximately 10 microns.  The term “film thickness” is used with the understanding that 
it is a controversial term.  The mixing and compaction temperatures were determined by 
using the rotational viscometer according to ASTM D 4402. 

   
Each loose sand asphalt mixture was compacted in a specially fabricated mold, as 

shown in Figure 11.  The inside area of the mold was machined to produce a smooth 
surface on the compacted sample without significant flaws.  This treatment helps obtain 
repeatable test results because the smooth surface is an important factor in minimizing 
random behavior in terms of fatigue crack initiation and propagation in the torsional 
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loading mode.  The 11.5 grams of loose sand asphalt was determined by trial and error as 
the required mass for one sample, and the compacting mold was designed to produce a 
cylinder 50-mm long with a 12-mm diameter.  A 30-minute cooling period was employed 
to facilitate specimen removal from the mold without undue distortion.  
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clamp

Static Pressure

 
 
 

 
Figure 11. Compaction Mold Assembly for Sand Asphalt Sample Fabrication. 
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CHAPTER 4. LABORATORY TESTING AND RESULTS 
 
 
In this chapter, representative results are described to show general behavior from 

the laboratory experiments. Various dynamic mechanical tests using the dynamic 
mechanical analyzer were performed for cylindrical sand asphalt samples mixed with 
pure binders and/or mastics to estimate viscoelastic characteristics and fatigue behavior.  
More comprehensive discussion and data analyses are presented in Chapter V. 
 
DYNAMIC MECHANICAL ANALYZER TESTING 
 

Three different tests⎯dynamic strain sweep, dynamic frequency sweep, and 
dynamic time sweep⎯were conducted on sand asphalt specimens in the displacement-
controlled torsional shear mode.  Figure 12 illustrates each DMA testing scheme.  The 
torsional shear strain sweep test was performed to determine strain levels that satisfy the 
homogeneity principle of linear viscoelasticity.  Dynamic strains beginning at 0.0065 
percent were applied on replicate samples, and corresponding values of shear modulus 
were monitored, as shown in Figure 13.  Since strain dependency is a function of 
temperature and frequency, strain sweep tests were performed at different temperatures 
and frequencies, as shown in Figure 13.  Any strain can be selected for constitutive 
testing, such as dynamic frequency sweep testing, as the strain is within the linear 
viscoelastic region over a specified range of temperature and frequency.  Table 4 presents 
linear viscoelastic dynamic shear moduli at three different frequencies (0.1, 1.59, and 10 
Hz) and at 25oC determined from the torsional shear strain sweep test. 
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Figure 12.  DMA Testing Schemes: (a) Dynamic Strain Sweep Test, (b) Dynamic 

Frequency Sweep Test, (c) Dynamic Time Sweep Test. 
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Figure 13. Representative Dynamic Strain Sweep Test Results at Different 
Temperatures and Frequencies. 
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Table 4. Linear Viscoelastic Dynamic Shear Modulus (Unit: MPa) at 25oC from 
DMA Strain Sweep Testing. 

 
        Frequency (Hz) 

 
Sand Asphalt Mixture   0.1   1.59   10 
 
AAD-1    7.56   16.1   52.6 
AAM-1    19.0   62.8   138 
AAD-1+LS1    9.20   27.5   69.2 
AAD-1+HL2    9.58   28.6   71.8 
AAM-1+HL3    28.0   90.4   184 
HCR-14    10.2   23.3   47.1 
HCR-25    28.4   67.7   119 
HCR-36    49.9   92.4   164 
BASE     14.3   55.0   138 
AirBlown    14.5   49.5   114 
SBS-LG    12.1   40.4   97.0 
EVA     11.4   34.2   78.8 
ELVALOY    10.8   30.1   70.8 
 
Note 
1: AAD-1 mixed with 10 percent volume of limestone filler 
2: AAD-1 mixed with 10 percent volume of hydrated lime 
3: AAM-1 mixed with 10 percent volume of hydrated lime 
4: Unaged high cure rubber 
5: 3-month aged high cure rubber 
6: 6-month aged high cure rubber  
 
 

Based on strain sweep testing results, researchers performed frequency sweep 
tests at low strains without causing any nonlinear damage.  In an attempt to predict 
relaxation behavior over a long time domain, testing was done at three different 
temperatures (10, 25, and 40oC), and the frequency-temperature superposition concept 
was applied to AAD-1, AAM-1, AAD-1+LS, AAD-1+HL, AAM-1+HL, HCR-1, HCR-2, 
and HCR-3, while the frequency sweep tests were performed at only 25oC for BASE, 
AirBlown, SBS-LG, EVA, and ELVALOY.  Since the frequency sweep tests were 
performed under a steady-state vibrational loading condition, master curves at a certain 
temperature can be represented by storage, loss, and/or dynamic modulus.  Figure 14 
shows each master curve (storage, loss, and dynamic modulus) representation of the sand 
asphalt mixture AAD+LS (AAD-1 mixed with 10 percent volume of limestone filler) at 
25oC after superposition in the frequency domain.  Curve fitting with a Prony series was 
then conducted for the storage modulus master curve using Equation 14.  Parameters 
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determined from the Prony series representation using the storage modulus data were 
employed to calculate the loss modulus and the dynamic modulus by Equations 15 and 
10.  Figures 15 through 17 present measured modulus plots (storage, loss, and dynamic) 
after the frequency-temperature superposition and their corresponding Prony series fit.  
The predicted moduli generally show good agreement with the measured moduli.  
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Figure 14. Each Master Curve (Storage, Loss, and Dynamic Modulus) after 
Superposition. 
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Figure 15. Storage Modulus Master Curve and Prony Series Fit. 
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Figure 16. Loss Modulus Master Curve and Prony Series Fit. 
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Dynamic time sweep tests were performed in two different ways: (1) low strain 

levels for validation of linear viscoelastic behavior and (2) high strain levels for fatigue 
damage simulation.  To validate linear viscoelastic behavior without any damage, low 
strain, such as 0.007 percent, was employed at 25oC and at 10 Hz.  Figures 18 and 19 
show hysteretic stress-strain and stress-pseudo strain behavior, respectively.  As 
expected, the hysteretic behavior due to loading/unloading and repetitive loading does not 
depend on the number of loading cycles in stress-strain plots.  Furthermore, hysteresis 
loops in the stress versus pseudo strain plots disappear, because the sample is tested in the 
linear viscoelastic region without damage.  It can be inferred that Schapery’s extended 
elastic-viscoelastic correspondence principle using the pseudo variables is clearly 
validated based on these results.    
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Figure 17. Dynamic Modulus Master Curve and Prony Series Fit. 
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Figure 18. Linear Viscoelastic Stress-Strain Hysteresis Loops without Damage. 
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Figure 19. Linear Viscoelastic Stress-Pseudo Strain Loops without Damage. 
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To simulate fatigue damage, researchers conducted strain-controlled torsional 
shear cyclic tests at different strain levels from 0.20 to 0.844 percent (high enough to 
derive fatigue damage) at 25oC and 10 Hz.  Every fatigue test was continued to complete 
failure on each sample.  Many hairline cracks were observed on the surface, and a clean 
macrocrack was observed at the end of testing.  Typically, the macrocrack was formed 
within the middle third of the sample.  It can be inferred that the fatigue damage and 
crack development were governed by the fatigue process and not by geometric 
characteristics and/or gluing conditions at the ends of the sample.  It is obvious that this 
testing protocol is repeatable and can result in a specification-type test method.   

 
Typical hysteretic stress-strain behavior resulting from the high-strain cyclic 

loading is presented in Figure 20 at the selected 80th and 3000th cycles.  Stress-strain 
loops shifted downward with the reduction of dissipated energy, which is determined 
from the area inside the stress-strain curve.  The effect of the damage accumulation in a 
specimen was also investigated using pseudo strain, as described in Figure 21.  The 
changes in area (dissipated pseudo strain energy) and slope (pseudo stiffness) of the 
hysteresis loop during the continuous cyclic loading reflect that microdamage has 
occurred.  The dissipated pseudo strain energy is defined as dissipated energy calculated 
from measured physical stress versus the pseudo strain domain.  By applying the pseudo 
strain concept, linear viscoelastic time-dependency is eliminated, and additional time-
dependency can be expressed as a quantity due to non-linearity and/or damage.  The 
dissipated pseudo strain energy at each loading cycle was calculated and plotted on a 
linear-log scale, as shown in Figure 22.  Figure 22 demonstrates that samples experience 
damage at an increasing rate in the early stage, but the rate of damage then decreases and 
eventually decelerates, because the sample is close to complete failure.  The area below 
the curve between the dissipated pseudo strain energy and number of loading cycles 
represents cumulative dissipated pseudo strain energy.  Figure 23 presents the changes in 
cumulative dissipated pseudo strain energy as a function of loading cycles.  
Correspondingly, cumulative dissipated pseudo strain energy at fatigue failure can be 
employed as a quantitative indicator to explain fatigue resistance and/or the damage 
accumulation capability of a material.    

 
Figure 25 compares a representative data set at a 0.40 percent strain level for 

AAD-1 using three different indicators of damage: reduction in normalized values of a) 
pseudo stiffness (PS); b) nonlinear dynamic modulus (NDM); and c) dissipated strain 
energy (DSE).  Normalized values, the ratio of each indicator at certain loading cycles to 
the initial value, were used to eliminate variability among the indicators.  Clearly, each 
indicator showed similar reduction due to damage accumulation.  
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Figure 20. Stress-Strain Hysteresis Loops with Damage. 

-80

-60

-40

-20

0

20

40

60

80

-210 -140 -70 0 70 140 210

Pseudo strain

St
re

ss
 (k

Pa
)

80th
3000th

 
 

Figure 21. Stress-Pseudo Strain Hysteresis Loops with Damage. 
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Figure 22.  Linear-Log Plots of Dissipated Pseudo Strain Energy versus 
Number of Loading Cycles. 
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Figure 23. Linear-Log Plots of Cumulative Dissipated Pseudo Strain Energy 

versus Number of Loading Cycles. 
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Figure 24. Fatigue Plots Based on Three Different Indicators of Damage. 
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CHAPTER 5.  MECHANICAL ANALYSIS OF TESTING 
RESULTS 

 
 

This chapter discusses laboratory testing results from the dynamic mechanical 
analyzer in detail.  Linear viscoelastic material properties of sand asphalt mixtures from 
the DMA testing are compared to investigate effects of binder modification, aging, and 
filler addition on fundamental material characteristics.  Then, the measured sand asphalt 
material properties are employed to perform stress analyses associated with nonlinear 
fatigue damage.  Reasonable fatigue failure criteria are determined based on detailed 
observation of fatigue testing results from the DMA testing.  Two mechanistic fatigue life 
prediction models for the torsional loading mode are derived based on the original model 
by Lee et al. (2000).  The effects of binder modification and mineral fillers on fatigue 
fracture are discussed.   
 
ANALYSIS OF DMA TESTING RESULTS 

 
Figure 25 shows master storage modulus curves of each sand asphalt mixture at 

25oC after superposition in the frequency domain.   The frequency domain master storage 
curves were then fit by a Prony series representation using Equation14.  Once the Prony 
series parameters are determined, the measured dynamic shear moduli at any frequency 
from the dynamic strain sweep test can be compared to calculated dynamic shear moduli 
using the Prony series parameters.  Storage moduli, loss moduli, and corresponding 
dynamic moduli at any frequency were calculated by Equations14, 15, and 10.  Cross-
plotting between the calculated and measured dynamic moduli, which were presented in 
Table 4, at three different frequencies (0.1, 1.59, and 10Hz) and at 25oC was performed 
and is illustrated in Figure 26.  Based on the good agreement between calculated and 
measured moduli, it can be concluded that every sand asphalt mixture was tested within 
the linear viscoelastic region, and Prony series fitting was accurately conducted.    
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Figure 25. Master Storage Shear Modulus Curves of Each Sand Asphalt 
Mixture. 
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Figure 26. Cross-Plots between Measured Dynamic Modulus from Strain Sweep Tests 
and Predicted Dynamic Modulus from Calculation Using Prony Series 

Parameters. 
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Given parameters from a Prony series curve fitting determined from the dynamic 
frequency sweep test, static relaxation modulus as a function of time can be illustrated 
by Equation 16.  Converted time domain relaxation moduli from the frequency 
domain master curves are shown in Figure 27 for sand asphalt mixtures of neat 
binders AAD-1 and AAM-1 and corresponding filler-mixed binders.  Figure 28 
shows these results for sand asphalt mixtures of unaged and aged high cure rubber 
binders HCR-1, HCR-2, and HCR-3.  The converted time domain relaxation moduli 
for BASE, AirBlown, SBS-LG, EVA, and ELVALOY are presented in Figure 29.  
The position of relaxation curves in Figure 27 demonstrates that AAM-1 is stiffer 
than AAD-1, and fillers clearly contribute to mechanical stiffening of the binder.  
Another feature observed from Figure 27 is that AAD-1 mixed with hydrated lime 
shows higher moduli than a similar blend of AAD-1 and limestone filler.  The 
relaxation curve slope decreases as aging increases, as demonstrated in Figure 28.  
This is an indication of the increasing stiffness of the asphalt mixture as it ages. The 
aging of asphalt binders typically reduce relaxation capability and increases brittle 
mechanical behavior.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.E+06

1.E+07

1.E+08

1.E+09

1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05

Reduced time (sec)

Sh
ea

r r
el

ax
at

io
n 

m
od

ul
us

 (P
a)

AAD
AAM
AAD+LS
AAD+HL
AAM+HL

 
 

Figure 27. Transient Relaxation Moduli of Sand Asphalt Mixtures Mixed with 
Neat Binders and Mastics. 



 

42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.E+06

1.E+07

1.E+08

1.E+09

1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05

Reduced time (sec)

Sh
ea

r r
el

ax
at

io
n 

m
od

ul
us

 (P
a)

HCR-1
HCR-2
HCR-3

 
 

Figure 28. Transient Relaxation Moduli of Sand Asphalt Mixtures Mixed with 
Unaged and Aged HCR Binders. 
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Figure 29. Transient Relaxation Moduli of Sand Asphalt Mixtures Mixed with 

BASE, AirBlown, SBS-LG, EVA, and ELVALOY. 
 



 

43 

Determination of Fatigue Failure  
 

Figure 30 shows stiffness loss due to fatigue damage accumulation in a typical 
strain-controlled fatigue experiment.  In general, two inflection points are observed.  The 
first inflection point (FIP) defines a decreasing rate of change in stiffness associated with 
microcracking in the sample.  The second inflection point (SIP) also infers a mechanical 
behavioral change possibly associated with macrocracking.  A transition point ( tN ) 
between the two inflection points represents the shift from microcracking to 
macrocracking.  The rate of stiffness reduction abruptly increases at this transition point.  

  
As Rowe and Bouldin skillfully proposed, the meaning of the transition point can 

be explained mathematically using the Taylor’s series expansion (2000):   
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Where *E = stiffness or modulus,  
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Figure 30. Typical Strain-controlled Fatigue Test Results (Rowe and Bouldin, 2000). 
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*
oE = initial stiffness or modulus, and  

n  = number of load cycles. 
 
In the microcracking region, the first derivative ( dndE* ) is negative and decreasing, and 
the second derivative ( 2*2 dnEd ) is positive and decreasing until it reaches zero at the 
first inflection point.  The second derivative ( 2*2 dnEd ) is then negative and increasing 
in magnitude until it reaches a maximum value where the third derivative ( 3*3 dnEd ) is 
equal to zero at the transition point where the material behavior changes from 
microcracking to macrocracking.  The second derivative ( 2*2 dnEd ) remains negative 
and of decreasing magnitude until it reaches zero at the second inflection point.  The 
second derivative becomes positive passing the second inflection point, and the rate of 
change of stiffness begins to reduce toward zero.  In Figure 30, plotting the product nE*  
against n  demonstrates a peak at the transition point.  This peak is a potential fatigue 
failure point as are the two inflection points.  

 
Figure 31 illustrates changes in the normalized nonlinear dynamic modulus, one 

of the damage indicators, and the phase angle due to damage accumulation at a 0.28 
percent strain level for sand asphalt mixtures with binder AAM-1.  The phase angle 
increased and approached a peak value followed by a precipitous drop as cyclic loading 
continued.  The importance of the phase angle in fatigue has been described by Reese 
(1997).   According to his argument, a point showing the maximum phase angle (MPA) is 
a reasonable fatigue failure point since a plot of phase angle versus load cycles shows a 
rapid loss of phase angle when materials under fatigue loading stop accumulating 
distress.   
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Figure 31. Plots of Normalized Nonlinear Dynamic Modulus and Phase Angle 
versus Number of Loading Cycles in Fatigue Testing. 
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An evaluation of acceptable fatigue failure criteria was performed by cross-

plotting the number of loading cycles at the MPA and the number of loading cycles at the 
FIP, SIP, or tN .  This analysis is based on test results showing correspondence between 
the maximum phase angle and the three failure criteria candidates: FIP, SIP, and tN .  
Figure 32 demonstrates that the number of loading cycles at the MPA is consistent with 
the number of load cycles at the SIP for AAD-1, AAM-1, and corresponding filler mixed 
sand asphalt mixtures.  However, the MPA for the HCR-3 mixture corresponds better 
with the FIP, as shown in Figure 33.  In an attempt to increase generality in determining a 
reasonable fatigue failure point, five different types of sand asphalt mixtures: AAD-1 
(neat SHRP binder), AAM+HL (filled binder), HCR-1 (unaged rubber-modified binder), 
HCR-3 (aged rubber-modified binder), and EVA (polymer-modified binder) were 
selected, and the number of loading cycles at MPA and the number of loading cycles at 
FIP, SIP, or tN  are cross-plotted as presented in Figures 34 to 36.  By calculating total 
deviation error, which is defined as the total absolute deviation from the line of equality, 

tN  can be inferred to be a reasonably acceptable failure point since it shows minimum 
deviation error.  
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Figure 32. Cross-Plot between the Number of Loading Cycles at the Second Inflection 
Points and the Number of Loading Cycles at the Maximum Phase Angle 

(Sand Asphalt Mixtures: AAD, AAM, AAD+LS, AAD+HL, and 
AAM+HL). 
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Figure 33. Cross-Plot between the Number of Loading Cycles at the First Inflection 
Points and the Number of Loading Cycles at the Maximum Phase Angle 

(Sand Asphalt Mixtures: AAD, AAM, HCR-1, HCR-2, and HCR-3). 
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Figure 34. Cross-Plot between the Number of Loading Cycles at the First Inflection 
Points and the Number of Loading Cycles at the Maximum Phase Angle 
 (Sand Asphalt Mixtures: AAD, AAM+HL, HCR-1, HCR-3, and EVA). 
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Figure 35. Cross-Plot between the Number of Loading Cycles at the Second Inflection 
Points and the Number of Loading Cycles at the Maximum Phase Angle (Sand 

Asphalt Mixtures: AAD, AAM+HL, HCR-1, HCR-3, and EVA). 
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Figure 36. Cross-Plot between the Number of Loading Cycles at the Transition Points 
and the Number of Loading Cycles at the Maximum Phase Angle (Sand 

Asphalt Mixtures: AAD, AAM+HL, HCR-1, HCR-3, and EVA). 
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Table 5. Average Value and Standard Deviation of the Normalized Nonlinear 
Dynamic Modulus at FIP, SIP, Nt, and MPA. 

 
  AAD AAM AAD+LS AAD+HL AAM+HL HCR-1 HCR-2 HCR-3 
Nor. NLDM1 at FIP Average 0.533 0.477 0.482 0.435 0.435 0.403 0.238 0.196 
 S. D.2 0.0331 0.0264 0.0229 0.0124 0.0102 0.0280 0.0191 0.0242 
Nor. NLDM at SIP Average 0.232 0.223 0.198 0.177 0.183 0.188 0.127 0.116 
 S. D. 0.0319 0.0270 0.0228 0.0145 0.0151 0.0201 0.0151 0.0201 
Nor. NLDM at Nt Average 0.436 0.383 0.396 0.355 0.359 0.340 0.196 0.162 
 S. D. 0.0309 0.0224 0.0338 0.0200 0.0168 0.0220 0.0143 0.0211 
Nor. NLDM at MPA Average 0.258 0.292 0.227 0.232 0.255 0.336 0.208 0.183 
 S. D. 0.0504 0.0373 0.0196 0.0260 0.0508 0.0206 0.0184 0.0242 

  BASE AirBlown SBS-LG EVA ELVALOY    
Nor. NLDM at FIP Average 0.440 0.458 0.424 0.368 0.404    
 S. D. 0.0267 0.0244 0.0290 0.0289 0.0125    
Nor. NLDM at SIP Average 0.184 0.198 0.208 0.190 0.185    
 S. D. 0.0236 0.0170 0.0078 0.0124 0.0066    
Nor. NLDM at Nt Average 0.351 0.370 0.338 0.306 0.341    
 S. D. 0.0258 0.0222 0.0241 0.0311 0.0142    
Nor. NLDM at MPA Average 0.217 0.289 0.409 0.312 0.340    
 S. D. 0.0537 0.0510 0.0795 0.0224 0.0162    

Note 
1: Normalized Nonlinear Dynamic Modulus 
2: Standard Deviation 
 

Average values and standard deviations of the normalized nonlinear dynamic 
modulus at FIP, SIP, tN , and MPA are calculated and presented in Table 5.  The 
normalized nonlinear dynamic moduli at tN , which is adopted as a point of fatigue 
failure in this study, are shown for each sand mixture in Figure 37.  Approximately 60 
percent of stiffness reduction was observed at fatigue failure for the SHRP binders, filled 
binders, and polymer-modified binders.  On the other hand, unaged high cure rubber 
binder HCR-1 and aged binders HCR-2 and HCR-3 show approximately 70 percent and 
80 to 85 percent stiffness reduction, respectively.  It was observed that the residual 
stiffness at fatigue failure is dependent on binder type (modified and unmodified) as well 
as the level of aging.  This representation of fatigue is considerably more accurate and 
logical than simply determining failure as an arbitrary condition, e.g., when 50 percent of 
the initial stiffness is reached.  

 
Based on this finding, a complete fatigue test for each mixture was performed by 

testing replicate specimens to failure ( tN ) at different strain levels.  The number of 
loading cycles to failure at each strain level was plotted on a log-log scale in Figure 38. 
Fatigue test results can be described by a phenomenological regression model, Equation 
(31), and model coefficients are presented in Table 6. 
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B
of AN −= )(γ           (31) 

 
Where fN = fatigue life, 
 oγ = applied strain amplitude, and 
 BA, = regression constants. 
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Figure 37.  Average Values of Normalized Nonlinear Dynamic Modulus at Fatigue 

Failure of Each Sand Asphalt Mixture. 
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Figure 38.  Applied Strain versus the Number of Loading Cycles to Failure. 
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Table 6. Phenomenological Fatigue Model Parameters. 
  

     Phenomenological Fatigue Model 
    
Mixture        A         B 
 
AAD-1    205.47     3.1566 
AAM-1    94.771     3.2869 
HCR-1     912.43     5.4616 
AAD-1+LS    438.64     3.0591 
AAD-1+HL    757.25     3.1987 
AAM-1+HL    234.06     3.0992 
BASE     399.83     2.3886 
AirBlown    593.06     2.7695 
SBS-LG    979.18     2.3976 
EVA     716.64     2.3036 
ELVALOY    6407.4     2.3037 
 
 
 
Fatigue Life Prediction Model for Torsional Loading Mode 

 
Fatigue life can be expressed in the form of work potential theory and continuum 

damage mechanics.  Lee et al. originally developed such a model for asphalt concrete 
samples under uniaxial cyclic loading (2000).  The original model was modified in two 
different ways so that it could be applied to data from the torsional shear cyclic loading 
mode without rest periods.   

 
The first approach is to use dissipated pseudo strain energy and pseudo stiffness, 

which is a secant modulus of a hysteresis loop between stress and pseudo strain, as 
indicators of damage evolution.  This approach requires measurements of sufficient 
numbers of fatigue testing data at each loading cycle to develop hysteresis behavior.  As 
mentioned, the use of stress-pseudo strain domain is technically sound, since the 
hysteretic behavior between stress and pseudo strain does not include linear viscoelastic 
time-dependency, and additional time-dependency can be considered nonlinear damage 
due to fatigue.       

 
Dissipated strain energy (damage indicator employed for second approach) can be 

alternatively used to derive a mechanistic fatigue life prediction model.  As illustrated in 
Figure 24, reduction in normalized values of dissipated strain energy showed similar 
behavior, as it is compared to pseudo stiffness reduction that is a damage indicator in 
stress-pseudo strain domain.  However, it should be noted that the dissipated strain 
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energy represents energy dissipation due to fatigue damage as well as linear viscoelastic 
stress relaxation.  
 
Use of Dissipated Pseudo Strain Energy Concept  

The general form of the constitutive equation under the torsional loading mode for 
a viscoelastic body during damage is presented as: 
 

R
mPm SCI γτ )(=          (32) 

 
Where PI = initial pseudo stiffness, which is introduced for elimination of sample-to- 

sample variability, 
C = pseudo stiffness that is a function of the damage parameter, S, 

R
mγ  = peak shear pseudo strain in each cycle, and 

mτ = physical shear stress corresponding to R
mγ .  

 
The corresponding stress-strain relationship in terms of pseudo strain can be expressed 
as:  
 

R
m

R
m

m
W
γ

τ
∂
∂

=           (33) 

 
Where R

mW = pseudo strain energy density function when R
m

R γγ = . 
 
The time-dependent damage evolution law for viscoelastic materials is typically rate-
dependent (Park et al., 1996) and is expressed as: 
 

α
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Where dtdS = damage evolution rate, and  

α = a material constant. 
 
Combining Equations 32 and 33 yields:  
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2
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A graphical expression explaining Equation 35 in stress – pseudo strain domain is 
presented in Figure 39.  Substituting Equation 35 into equation 34 yields: 
 



 

53 

α

γ ⎥⎦
⎤

⎢⎣
⎡−= 2)(

2
R
m

P

dS
dCI

dt
dS         (36) 

 
The function )(SC  can be characterized by the chain rule: 
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dt

dt
dC

dS
dC

=           (37) 

 
Substituting Equation 37 into equation 36 and integrating yields: 
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Figure 39. Graphical Expression of Dissipated Pseudo Strain Energy. 
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The damage parameter S  can be calculated at each discrete cycle by obtaining the 
peak pseudo strain ( R

im,γ ) and pseudo stiffness ( iC ) corresponding to time ( it ).  The 
material constant α  is initially assumed and then varied until cross-plotting the measured 
C  against S  at several different strain-levels results in closure.  The load-level 
dependency is eliminated if α  is a true material property.  According to Schapery, α  is 
related to the material’s creep or relaxation properties (1975).  Figure 40 shows cross-
plotting of the pseudo stiffness versus the calculated damage parameter for the same 
value of loading cycles, before and after the strain level dependency was eliminated by 
varying the value of α .  An appropriate value of α  successfully eliminates load-level 
dependency, as demonstrated in Figure 40.  The strain-level independence of the 
relationship between pseudo stiffness and the calculated damage parameter indicates that 
the pseudo strain based stiffness parameter and the internal state variable are effective 
representatives to reflect damage growth and damage state, respectively.  Figure 41 
shows cross-plots of the pseudo stiffness versus the calculated damage parameter of each 
system tested, after the strain level dependency was eliminated.   
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Figure 40. Normalized Pseudo Stiffness versus Calculated Damage Parameter (a) 
before and (b) after the Strain Level Dependency was Eliminated. 
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As Lee proposed, the curve of C  versus S  typically follows a power relation 
(1996): 
 

2)()( 10
CSCCSC −=          (39) 

 
Where 0C , 1C , and 2C  are regression constants. 
 
Substituting Equation 39 into Equation 35 and taking the derivative with respect to the 
damage parameter S  gives: 
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Combining Equations 28, 34, and 40 and integrating yields the following fatigue life 
prediction model for the torsional loading mode: 
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Figure 41. Normalized Pseudo Stiffness versus Calculated Damage Parameter of 
Each Sand Mixture after the Strain Level Dependency was Eliminated. 
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f  = loading frequency, and  

fS  = damage parameter when the samples approach fatigue failure. 
 
The determination of fS  is clearly related to the fatigue failure criteria.  The proposed 
model is a function of the damage evolution characteristics of the material: 1C  and 2C  
and linear viscoelastic material properties: )(* ωG  and α .  Strain amplitude and loading 
frequency are given as testing input, and the linear viscoelastic dynamic shear modulus 

)(* ωG  and material parameter α  are determined from linear viscoelastic constitutive 
testing, such as static creep, static relaxation, or dynamic frequency sweep tests.  
Parameters ,,,, 1CSkI fP  and 2C  represent damage evolution characteristics and are 
obtained from fatigue tests.   

 
The mechanistic fatigue model in Equation 41 can be rewritten in the generalized 

form of Equation 31 as: 
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 α21 =B          (44) 
 
Use of Dissipated Strain Energy Concept  

 
The constitutive equation in the oscillatory torsional loading mode can be 

alternatively expressed as follows: 
 

mDm DGI γτ )(*=          (45) 
 
Where DI = initial nonlinear dynamic modulus, which is introduced for elimination of 

 sample-to-sample variability, 
)(* DG = damage-affected dynamic modulus at each cycle, and 

D = damage parameter. 
 
By introducing the damage-affected phase angle, )(Dφ , the dissipated strain energy 
(hysteresis loop area between shear stress and shear strain) can be expressed as:  
 

)(sin)( DIDW mmD φτγπ=         (46) 
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Where )(DW = dissipated strain energy at each cycle, and 
 )(Dφ  = phase angle between stress and strain at each cycle. 
 
Substituting loss modulus in Equation 46, the equation can be rewritten as: 
 

)()()( "2 DGIDW mD γπ=         (47) 
 
Where )(" DG = damage-induced loss modulus at each cycle. 
 
Equation 47 is graphically illustrated in Figure 42.  The hysteresis loop area between 
measured stress and measured strain represents energy dissipation, and the dissipated 
energy can be calculated by monitoring loss modulus at each cycle.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The damage evolution law for this approach can be expressed as a similar form 
shown in Equation 34. 
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Figure 42. Graphical Expression of Dissipated Strain Energy. 
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Substituting Equation 47 into Equation 48 yields: 
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The function )(" DG  can be characterized by the chain rule: 
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Substituting Equation 50 into Equation 49 and integrating yields a similar form as 
expressed in Equation 38.  
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The curve of "G  versus D  follows a power relation: 
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Where 3C , 4C , and 5C  are regression constants. 
 
Substituting Equation 52 into Equation 47 and taking the derivative with respect to the 
damage parameter, D  yields: 
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Combining Equations 50 and 53, and integrating yields the following final form of 
fatigue life prediction model: 
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Where α)1(1 5Ck −+= , 
 f = loading frequency, and  
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fD  = damage parameter when the sample approaches fatigue failure. 
 

By introducing linear viscoelastic dynamic shear modulus, )(* ωG , Equation 54 can be 
expressed as: 
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The derived fatigue model, Equation 55, based on the dissipated strain energy concept, 
can be rewritten in the generalized form of Equation 31 as: 
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Model Validation and Discussion 
 

The predicted fatigue lives using Equations 41 and 54 are cross-plotted to the 
measured fatigue lives in Figures 43 and 44, respectively.  The deviation from the line of 
equality is very small.  It can be inferred that the model parameters provide a reasonable 
representation of the fatigue response. 
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Figure 43. Cross-Plot of Measured Fatigue Life versus Predicted Fatigue Life from 

the Mechanistic Fatigue Prediction Model (Dissipated Pseudo Strain Energy). 
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Figure 44. Cross-Plot of Measured Fatigue Life versus Predicted Fatigue Life from 

the Mechanistic Fatigue Prediction Model (Dissipated Strain Energy). 
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The empirically derived model coefficient and exponent: A  and B, respectively, are 
replaced by mechanistic model parameters 121 ,, BAA , and 2B . Figures 45 and 46 indicate 
that each mechanistic model is quite compatible with a simple phenomenological model.  
A good agreement exists between the model parameters.  The clear advantages of using 
the parameters 11, BA  or 22 , BA  are that they are derived based on measurable material 
parameters and are not derived simply from curve fitting.  The ability to derive 
mechanistic model parameters from measurable engineering properties provides the 
potential to engineer better material properties based on fundamental properties and to 
investigate how these fundamental properties affect fatigue life.  Table 7 summarizes the 
model parameters included in Equations 41 and 54 determined from test data . 

 
Assessing the effect of each model parameter on fatigue resistance is difficult, 

since the parameters are interactive.  For example, the material parameter α  is associated 
with the damage parameter, dynamic shear modulus, shear strain input, and other factors.  
The parameter k  is an exponent in the numerator and appears in the denominator as well.  
A physical meaning for each parameter can be described as follows:   
• DP II , , initial pseudo stiffness and initial nonlinear dynamic modulus, respectively: 

higher initial value infers a lower level of early damage. 
• k , combined effect of 2C (or 5C ) and α : a higher k  value means an extended fatigue 

life since it is an exponent of the term fS  or fD , which has a relatively large value. 
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Figure 45. Comparison Plots of Model Coefficient between Phenomenological 
Model and Continuum Damage Model Using (a) Dissipated Pseudo 

Strain Energy, and (b) Dissipated Strain Energy. 
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Figure 46. Comparison Plots of Model Exponent between Phenomenological Model 

and Continuum Damage Model Using (a) Dissipated Pseudo Strain 
Energy, and (b) Dissipated Strain Energy. 
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Table 7. Mechanistic Fatigue Model Parameters. 
 
 
   Mechanistic Fatigue Model (Dissipated Pseudo Strain Energy) 
   
Mixture Average PI  2C  21CC  *G , MPa α  k  Average fS  
 
AAD-1 0.6379         0.4028    0.000439    50.2         1.45      1.866      6,181,814 
AAM-1 0.6528         0.2952   0.001594    135.2        1.60      2.128       24,482,752 
HCR-1            0.4602         0.0685    0.061540    45.1         2.70      3.515       94,588,211 
AAD-1+LS     0.6643           0.275   0.002224     68.0         1.60       2.16        16,067,051 
AAD-1+HL     0.6807            0.28    0.001987    73.0         1.60      2.152       24,512,617 
AAM-1+HL    0.5675         0.1565   0.013461   184.0        1.50       2.265      29,929,693 
 
      

Mechanistic Fatigue Model (Dissipated Strain Energy) 
 
Mixture         Average DI , Pa    5C        54CC             α          k    Average fD  
 
AAD-1 29200000 0.5122      0.01114 1.45 1.7073  515.928 
AAM-1 70700000 0.4364      0.01542 1.60 1.9018  708.764 
HCR-1  17400000 0.2622      0.04117 2.70 2.9921  924.753 
AAD-1+LS 40600000 0.4282      0.01553 1.60 1.9149  778.977 
AAD-1+HL 45400000 0.3379      0.02369 1.60 2.0594  1113.50 
AAM-1+HL 98500000 0.2949      0.02957 1.50 2.0577  1053.21 
BASE              66200000        0.4087      0.01882 1.20 1.7096  810.162 
AirBlown        61500000        0.3828      0.01813 1.40 1.8641  1041.51             
SBS-LG          45500000        0.2046      0.05138 1.20 1.9545             916.314  
EVA                42100000        0.2496      0.04346 1.65 2.2382             1057.83 
ELVALOY     29000000        0.0970      0.09184 1.65 2.4900             1753.11 
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• )(* ωG , linear viscoelastic dynamic shear modulus: representing the fundamental 

stiffness of the material. 
• fS  (or fD ), damage parameter at fatigue failure: inferring cumulative amount of 

damage to failure, a higher value of this parameter indicates that the sample can 
absorb more damage before failure and correspondingly shows a higher fatigue 
resistance. 

• 21CC  (or 54CC ), multiplication of regression constants: typically a higher value 
shows a faster decrease in stiffness (faster damage) when compared against the 
damage parameter. 
 

By observing the fatigue prediction model in Equations 41 and 54, one can 
conclude that more fatigue resistant materials show lower values of stiffness, 1C  (or 4C ), 
and 2C  (or 5C ), and higher values for fS  (or fD ) and k , if the α  value does not vary 
significantly among the materials evaluated.  As a result, a material that is soft (low 
stiffness) but capable of cumulating more damage before failure (high fS  or fD ) due to 
a slow rate of stiffness reduction (low 2C  or 5C  and high k ) will demonstrate a longer 
fatigue life.   
 
Effect of Mineral Fillers on Fatigue Fracture 
 

The effects of fillers can be identified from DMA fatigue testing results.  As 
demonstrated in Figure 38, the contribution of fillers to the extended fatigue life of the 
mastic is clear.  Average fatigue life and percent increase of fatigue life due to filler 
addition were calculated, as shown in Table 8.  However, this effect is complex and is 
probably synergistically derived from mechanical, chemical, physical, and even 
rheological mechanisms.  Table 7 indicates that fillers stiffen the binder, which is easily 
verified by higher stiffness.  Furthermore, fillers increase the damage parameter at fatigue 
failure fS  (or fD ), increase the value of the parameter k , and reduce the value of 
regression coefficient 2C  (or 5C ).  It can also be observed that the dynamic shear 
modulus (or initial loss modulus) and the fatigue failure damage parameter are the most 
dominant parameters in defining fatigue life because they are relatively large numbers.  
Even though fillers stiffen the binder, they contribute to better resistance in 
microcracking due to a lower rate of damage evolution and a higher tolerance for total 
damage accumulation.   

 
Comparison of model parameters between limestone filled and hydrated lime 

filled systems show that hydrated lime is a more effective filler than limestone.  Hydrated 
lime provides a much longer fatigue life because it allows the accumulation of more 
microdamage from initial loading to failure.  It is apparent that since the same filler 
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volume (10 percent) was used for each filler (hydrated lime and limestone), other 
mechanisms than the volume filling effect must come into play.  These other effects may 
include crack pinning efficiency and physico-chemical interactions between the binder 
and the filler.    

 
The difference between filled binders and unfilled binders can also be identified 

by monitoring dissipated pseudo strain energy in fatigue tests.  The dissipated pseudo 
strain energy is typically defined as dissipated energy due to additional time-dependency 
after linear viscoelastic time-dependency was eliminated.  The additional time-
dependency can be expressed as a quantity due to non-linearity and/or damage.  The 
theoretical background for the dissipated pseudo strain energy is well described in the 
previous chapter.       
 

Table 8. Average Fatigue Life and Percent Increase Due to Filler Addition. 

 
    AAD-1    AAM-1 
Strain   
  (%)                 Neat1   LS2    HL3   Neat      HL   
 
 
0.20  34,555       65,610 (89.9)4     Not tested 20,660         36,210 (75.3) 
0.28  10,060       18,843 (87.3)     45,960 (356.9) 4,510         11,235 (149.1) 
0.40  3,860         7,577 (96.3)       13,110 (239.6)  2,110         4,210 (99.5) 
0.56         Not tested     Not tested        5,110 (N/A)       Not tested       Not tested 
 
Note    
1: Unfilled system 
2: Mastic mixed with limestone filler  
3: Mastic mixed with hydrated lime 
4: Average fatigue life in number of loading cycles (percent increase  
    of fatigue life compared to fatigue life of unfilled system) 
 

 
As illustrated in Figures 22 and 23, the inside area of the stress-pseudo strain 

hyteresis loop at each discrete loading cycle and summation of the hysteresis loop area 
until complete fatigue failure for each unfilled and filled mixture at different strain levels 
were calculated.  Figure 47 shows the cumulative dissipated pseudo strain energy values 
corresponding to fatigue failure for each mixture at different strain levels (0.20, 0.28, 
0.40, and 0.56 percent).  Average values of the cumulative pseudo strain energy for each 
mixture at a 0.28 percent strain level were calculated for better clarity.  The percent 
increase in the average cumulative pseudo strain energy at a 0.28 percent strain level for 
AAD-1 mixed with limestone, AAD-1 mixed with hydrated lime, and AAM-1 mixed 
with hydrated lime were 133, 588, and 442 percent, respectively.    
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The effect of filler addition on fatigue life can be easily verified by studying 
Figure 47.  Filled systems show greater damage accumulation capability than do unfilled 
systems.  It is also evident that hydrated lime is a better material than limestone filler in 
terms of fatigue resistance under the strain-controlled mode of loading.  The percent 
increase in average cumulative dissipated pseudo strain energy at a 0.28 percent strain 
level further infers that the degree of interaction and effectiveness of hydrated lime may 
be dependent on the type of bitumen with which it is used.  The hydrated lime is more 
effective with bitumen AAD-1 than bitumen AAM-1.  This is consistent with results from 
Lesueur and Little (1999).                            
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Figure 47. Cumulative Dissipated Pseudo Strain Energy at Fatigue Failure of Each 

Mixture at Different Strain Levels. 
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CHAPTER 6.  EVALUATION OF THE EFFECT OF MOISTURE 
 
 

Moisture damage is a primary mode of distress in asphalt concrete mixtures and 
accelerates structural degradation of the mixtures in conjunction with cracking and plastic 
deformation.  Moisture typically reduces stiffness of the binder and/or mastic through 
diffusion and degrades the adhesive bond between the mastic and aggregate particles.  
Moisture damage mechanisms are complex, and attempts have been made to simplify 
them by categorizing them.  Still, an identification of the fracture mechanisms of asphalt-
aggregate systems in the presence of water is difficult, and a synergistic interaction of 
mechanisms often remains the best explanation of the moisture damage process.  A 
promising approach to assess moisture damage potential is to identify fundamental 
material properties that affect and control moisture damage and then compare the 
mechanical behavior of asphalt mixtures dry and in the presence of water to see if the 
fundamental properties can indeed predict moisture-related damage. 

 
As an example, Cheng et al. investigated moisture effects on asphalt mixtures 

using two different moisture damage models:  an adhesion failure model and a moisture 
diffusion model based on surface energy characteristics, which are fundamental material 
properties (2003).  Cheng et al. were able to measure the surface energies of the asphalt 
binder or mastic and the aggregate and then calculate the cohesive bond energy of the 
mastic as well as the adhesive bond between the binder or mastic and the aggregate.  
They used the Wilhelmy Plate to measure binder surface energies (both non-polar and 
polar components) and the Universal Sorption Device to measure aggregate surface 
energy (both non-polar and polar components).  Cheng et al. also used the Universal 
Sorption Device to measure the diffusion of moisture vapor into various asphalt cement 
binders.  They found that the migration of moisture into the binder is binder dependent. 
For example, considerably more moisture vapor diffuses into the asphalt identified in the 
Strategic Highway Research Program as AAD-1 than into SHRP asphalt AAM-1.  They 
further found that the quantities of vapor absorbed by the asphalt were surprisingly high, 
in the range of parts per thousand.  They speculated that this diffusion alone could alter 
the rheological properties of the binder and affect the ability of the binder or mastic to 
resist moisture damage.  

 
Asphalt concrete mixtures are typically composed of two dominant phases – 

relatively coarse aggregate particles and matrix phase that is a combination of binder, air 
voids, and fine aggregates.  The quality of the matrix phase influences damage and 
fracture of the entire mixture.  The matrix phase is considerably weaker and less stiff than 
the coarse aggregate phase and more susceptible to the effects of damage through 
moisture diffusion.  Therefore, a relatively accurate and repeatable methodology to assess 
damage susceptibility of the matrix phase is necessary, and a more accurate evaluation of 
the response of the matrix phase will lead to better understanding of the overall mixture 
performance in the presence of water.  
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Data from DMA were used to successfully differentiate among the damage 
potential of several different systems comprised of different neat binders’ (five binders) 
different levels of modification and different types of mineral fillers (smaller than 74-μm 
particles).  Two types of filled systems were evaluated: limestone and hydrated lime of 
approximately the same particle size distribution.  These different fillers were evaluated 
with two very different asphalt cements: AAD-1 and AAM-1.  The simplicity, 
repeatability, and accuracy of the DMA make it a very attractive tool by which to 
evaluate fatigue damage and fracture of asphalt mixtures, including the effect of 
moisture.              

 
Based on this history of success with the DMA analytical approach, the main 

objectives discussed in Chapter 6 are: 
 

• to develop a simple and reasonable test method to evaluate moisture damage of 
asphalt mixtures with emphasis on the mastic or mastic and fine aggregate 
fraction, 

 
• to evaluate the effects of moisture damage on fundamental material characteristics 

and fatigue damage resistance of asphalt mixtures, and 
 

• to consider how this tool can be used to validate the prediction of moisture 
damage sensitivity of a mastic and/or a fine aggregate mixture based on surface 
energy properties of the mixture components and/or moisture diffusions 
characteristics of the binder and mastic.   

 
 
DEVELOPMENT OF METHODOLOGY 
 

Researchers evaluated the impact of moisture on the rate and level of fatigue 
damage potential of asphalt binders and mastics by measuring fundamental viscoelastic 
material properties and by performing fatigue tests using DMA.   

 
To evaluate the DMA testing methodology, cylindrical DMA specimens were 

fabricated from SHRP-classified binder AAD-1, which was mixed with Ottawa sand.  
Ottawa sand is a relatively clean and uniformly graded aggregate.  Approximately 70 
percent of the sand particles are within the #30 sieve (0.6-mm mesh size) and #50 sieve 
(0.3-mm mesh size).  The selected Ottawa sand satisfied the particle gradation required 
for standard sand (ASTM C-778).  

 
Eight-percent binder by weight of dry sand was mixed and compacted at a pre-

determined mixing temperature (164oC) and compaction temperature (145oC).  The 11.5 
grams of loose sand asphalt mixture was compacted in a specially fabricated mold to 
produce sample geometry of 50-mm long with a 12-mm diameter.  Chapter II provides a 
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detailed description of the specially designed DMA specimen mold.  To prevent undue 
distortion, each sample was removed from the mold after an approximately 30-minute 
cooling period.  Each end of the compacted sample was trimmed neatly to produce final 
target sample weight of 11 grams.  The allowable weight tolerance was with ± 0.05 gram.  
Any sample exceeding the tolerance was excluded.      

 
Of course, it is necessary to precondition the DMA samples with moisture prior to 

testing in order to evaluate the influence of moisture.  The initial step in achieving this 
objective is to allow moisture to penetrate the specimens until an equilibrium condition is 
reached.  Figure 48 illustrates the variation in weight of the sand asphalt samples versus 
soaking time in distilled water at room temperature (approximately 25oC).  To accelerate 
moisture saturation, a vacuum was applied so that air voids of the sample were removed 
efficiently.  Approximately 17 percent of air voids was monitored based on the 
measurements of bulk specific gravity of each compacted sand asphalt sample.  Asphalt 
absorption was not considered to determine the percentage of air voids for simplicity.  As 
illustrated in Figure 48, approximately 1.2 gram of water, which corresponds to 11 
percent of dry sample weight, penetrated into the sample, and the sample reached a 
weight equilibrium after about 30 minutes of soaking.  This represents an average 
saturation of approximately 125 percent, which means that some of moisture could have 
diffused into the mastic.  It can also be inferred that the vacuum saturation conditioning 
might alter void structure somewhat and account for some of the extra saturation of 
moisture recorded. Based on results presented in Figure 49, each wet sample for DMA 
tests was soaked for 1 hour in the distilled-water vacuum bath. 

  
To retain the moisture absorbed in the sample during DMA testing, a thin 

polyethylene film was wrapped around the wet sample.  Other methods of retaining the 
water were considered, including a thin polymer spray around the sample.  However, the 
polyethylene film was selected as it was not only able to retain the water, but it also fit 
loosely enough around the sample so as not to stiffen the sample in the torsional loading.  
In fact, use of the polyethylene film limited moisture fluctuation to less than 0.01 gram, 
which is 1 percent of the total absorbed water, during the course of the experiment.  To 
compare samples tested dry and wet on an equal basis, dry samples were also wrapped 
with the polyethylene film.    
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Figure 48.   Sand-Asphalt Sample Weight versus Soaking Time. 
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Figure 49.   Typical Nonlinear Viscoelastic Hysteretic Behavior Resulting from 
DMA Fatigue Tests. 
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After sample fabrication and preconditioning, each sample was mounted in the 
DMA, and the chamber was closed and allowed to equilibrate to the desired testing 
temperature (25oC).  Every test was begun after a 20-minute period of equilibration at the 
test temperature.  

 
As Kim et al. proposed, pseudo stiffness ( RS ), which is a ratio of corresponding 

stress to maximum pseudo strain, can also be used to quantify damage (1998).  A 
graphical expression of the pseudo stiffness is illustrated in Figure 49.  

 

0γ
τ

γ
τ m

R
m

mRS ==           (59) 

 
Where mτ = physical stress corresponding to R

mγ .  
 
Viscoelastic mechanical behavior due to fatigue damage can be scientifically 

analyzed by the use of a continuum mechanics-based fatigue life prediction model.  The 
continuum mechanics-based fatigue model was originally developed by Lee et al. based 
on the pseudo strain concept and work potential theories (2002).  A more detailed 
description of the model can be found in elsewhere (2000, 2002).  Recently, Kim et al. 
modified the model to be used for DMA torsional fatigue testing data to investigate filler 
effects on fatigue resistance of asphalt mastics (2003).  The use of this model is also 
appropriate to study the effects of moisture on asphalt mastic sensitivity to fatigue 
damage.  A usable form of this model is presented as:  
 

 α
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f         (60) 

 
Where PI = initial pseudo stiffness, 

α)1(1 2Ck −+= ,  
f = as defined previously,  

fS  = damage parameter to fatigue failure, 
α  = material parameter relating to the material’s viscoelastic properties, and 

21,CC = regression constants determined by plotting of pseudo stiffness versus 
damage parameter. 

 
It should be noted that Equation 60 is described differently from the fatigue life 

prediction model presented in the previous study by Kim et al., since the reference shear 
modulus in Equation 60 is the linear viscoelastic dynamic modulus to convert pseudo 
strain expression into applied physical strain (2003).  
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LABORATORY TESTS AND RESULTS 
 

Researchers performed two different sets of DMA tests.  Dynamic shear 
frequency sweep tests were conducted on both wet and dry sand asphalt samples to define 
linear viscoelastic material properties.  A shear strain, 0.009 percent, which is low 
enough not to cause any nonlinear damage, was selected and applied as loading 
frequencies increased from 0.01Hz to 10Hz at 25oC.  Linear viscoelastic material 
property measurements are summarized in Table 9.  As can be seen, dynamic shear 
moduli were somewhat lower due to the presence of moisture, while phase angle and m-
value (slope of the log modulus versus the log of loading frequency graph) did not show 
any significant difference due to moisture in this present study.  However, the effect of 
moisture on linear viscoelastic material properties should be studied in a more general 
way with a sufficient amount of testing data.  Based on testing results, one might infer 
that moisture penetrated into the mastic (binder and mineral filler – black phase) and/or 
into the binder-sand particle interfaces so that the infiltrated moisture reduces stiffness of 
the sample.  The linear viscoelastic dynamic modulus and the phase angle presented in 
Table 9 are used for nonlinear viscoelastic pseudo variable analyses.   
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Table 9.  Linear Viscoelastic Material Properties and Damage Characteristics 
Resulted from DMA Tests 

 
     Dry    Wet 
 
      Material Properties 
     
Dynamic modulus   76.7    65.9 
(in MPa at 10 Hz) 
Phase angle    46.2    45.4 
(in degree at 10 Hz) 
m-value    0.482    0.480 
 
           CDPSE1 to Sample Failure 
    
   0.28% strain 0.40% strain  0.28% strain 0.40% strain 
    
Sample #1  2115397 2143803  1346249 1554611 
Sample #2  2980019 2583839  1301590 1235635 
 
          Fatigue Life2 

    
   0.28% strain 0.40% strain  0.28% strain 0.40% strain 
    
Sample #1  21610(24690)   9810(10318)  11310(9997)   6310(5634) 
Sample #2  27910(24322)   11110(10720) 10010(11182)   5110(5905) 
 
     Continuum Fatigue Model Parameters 
      
Average PI     50732133   48610941 

0C      1.230    1.075 

2C      0.2130    0.2888 

21CC      0.05267   0.03699 
α      1.2    0.9 
k      1.9445    1.6400 
Average fS     334.88    280.02 
 
Note 
1:: CDPSE: cumulative dissipated pseudo strain energy 
2: measured fatigue life (calculated fatigue life from continuum fatigue model) 
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To simulate fatigue damage, researchers repeated the strain-controlled dynamic 

time sweep tests for several samples at two different shear strain levels: 0.28 and 0.40 
percent; at 25oC and 10Hz.  The applied shear strains are high enough to produce fatigue 
damage.  Hysteretic behavior, which is illustrated in Figure 50, clearly demonstrates that 
each sample experiences fatigue damage.  The existence of an area within the hysteretic 
loop (dissipated pseudo strain energy) reflects that microdamage has occurred during 
fatigue loading cycles.  It is also obvious that wet samples undergo a higher level of 
damage compared to dry samples.  This can be monitored by the lower values of pseudo 
stiffness and lower levels of dissipated pseudo strain energy. 
 

A representative data set at different strain levels is compared in Figure 51 using 
the reduction in normalized pseudo stiffness versus the number of loading cycles to 
complete fatigue failure as the indicator of damage.  Clearly, the rate of pseudo stiffness 
reduction increases when higher levels of strain are applied and when samples contain 
moisture.  Moisture accelerates fatigue damage and correspondingly reduces fatigue life.  
In this study, the fatigue life was defined as described in previous studies (2003).  Kim 
concluded that a transition point in the plot of shear modulus versus loading cycles in the 
DMA test is the most reasonable estimate of fatigue failure.  This transition point occurs 
between two inflection points.  Furthermore, as explained by Kim (2003), the transition 
point corresponds to the point at which the phase angle reaches a maximum value, as 
defined by Reese (1997).  Using this fatigue failure criterion, fatigue life at each strain 
level with and without moisture is presented in Table 9.  Dry samples demonstrate a 
longer fatigue life and less strain level dependency than wet samples.  Moisture clearly 
reduces fatigue resistance, and the impact of moisture becomes more dominant, 
especially when higher level of strain was applied.      

 
Figure 52 is a plot of dissipated pseudo strain energy on a linear-log scale at 

different strain levels: results from both dry and moisture-conditioned samples.  As 
mentioned, the dissipated pseudo strain energy is considered a simple and theoretically 
sound damage indicator to estimate viscoelastic material behavior under nonlinear 
damage.  As can be seen in Figure 50, samples in a controlled-strain experiment generally 
experiences a higher rate of damage in the early stage of fatigue, and the rate of damage 
then decreases and eventually drops to a very low level.  Stiffness reduction during the 
early stages of the experiment is rapid.  This damage might be due to structural fatigue 
damage such as microcracking.  In fact, a detailed experiment was undertaken and 
discussed by Kim et al. to ensure that the cause of degradation in the modulus was 
primarily microcrack damage and not heating (2001). 

 
The area below the curve between the dissipated pseudo strain energy and the 

number of loading cycles represents cumulative dissipated pseudo strain energy. CDPSE 
physically defines the sample’s ability to accumulate damage to failure.  
Correspondingly, CDPSE at fatigue failure (transition point of fatigue curve) can be 
employed as a quantitative indicator to define fatigue resistance and/or the ability of a  
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Figure 50. Stress versus Pseudo Strain Hysteretic Fatigue Behavior with and 

without Moisture. 
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Figure 51. Pseudo Stiffness versus Number of Loading Cycles. 
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specimen to withstand damage before failing.  The CDPSE values corresponding to 
fatigue failure for each sample at different strain levels with and without moisture were 
calculated and presented in Table 9.  As expected, wet samples show less damage  
accumulation capability than do dry samples.  The difference in CDPSE between wet and 
dry samples can be considered to be a loss of the ability to resist fatigue-damage due to 
the presence of moisture.   

  
         The effect of moisture on fatigue damage can also be estimated by monitoring 
continuum damage fatigue model parameters.  As presented in previous studies, the 
model parameters are strongly associated with fundamental material properties as well as 
damage characteristics (2000, 2003).  Parameter PI  represents initial level of fatigue 
damage.  Higher values of PI  infer that the sample experiences less initial damage.  
Regression constants 1C  and 2C  are related to the rate of damage accumulation, and the 

fS  term defines how much damage the sample can withstand before failure.  Assessing 
the effect of the material parameter α  on fatigue resistance is somewhat complex, since 
α  is interactive with several terms.  A higher α  value tends to increase fatigue life 
because it increases the value of k  (an exponent in the numerator) and affects strain as a 
negative exponent.  On the other hand, α  is an exponent in the denominator, and a higher 
α  in the denominator would work against efficient fatigue behavior.  If one realizes that 
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Figure 52. Dissipated Pseudo Strain energy versus Number of Loading Cycles. 
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the α  represents a curve slope between applied strain levels and fatigue life in Equation 
60, it can be concluded that the overall effect of an increase in α  is to increase fatigue 
life.  A higher value of α  infers a lower rate of curve slope and a correspondingly longer 
fatigue life.  

 
Table 9 summarizes the model parameters included in Equation 60 are 

summarized in Table 9.  Wet samples typically show lower values of kIP ,,α , and fS , and 
a higher value of 2C  than dry samples.  Based on the observations of the model 
parameters, it can be concluded that moisture reduces fatigue resistance and fatigue life 
of materials due to a higher level of initial damage and strain level dependency, a faster 
rate of damage evolution, and a lower tolerance for total damage accumulation.  These 
findings are quite consistent with the analyses based on the use of dissipated pseudo 
strain energy and cumulative dissipated pseudo strain energy.     

 
 
APPLICATON OF DMA TESTING TO ASSESS MOISTURE DAMAGE 
POTENTIAL  
 

Recent work at Texas A&M University as described by Cheng et al. (2002, 2003) 
show that moisture damage potential in asphalt mixtures can be assessed by measuring 
surface energies of the components: asphalt binder or mastic and the aggregate.  If the 
non polar (Lifshitz Van der Waals) and polar (acid-base) parts of each component are 
measured, then cohesive bond energies and adhesive bond energies can be and have been 
calculated.  Furthermore, Cheng et al. used the Universal Sorption Device (USD) to 
determine how much water can be absorbed into various asphalt binders.  They were able 
to develop a methodology to separate the moisture vapor absorbed into the asphalt binder 
from that adsorbed onto the asphalt surface using Ficks second law.  They found that the 
rate of diffusion and the amount of water that is actually absorbed into the binder varies 
considerably from asphalt binder to asphalt binder.  They also found that the amount of 
moisture vapor absorbed ranged from approximately 2500 parts per million in asphalt 
AAD-1, to approximately 1000 parts per million, in asphalt AAM-1.  This degree of 
absorption can significantly alter the rheological response of the asphalt binder and/or 
mastic.  Furthermore, work by Kim et al. (2003) have shown that the ability of an asphalt 
mastic to resist damage is strongly influenced by the mineral filler present in the asphalt 
cement.  The DMA testing methodology presented in this paper offers a tool by which to 
directly assess the impact of moisture damage on a blend of asphalt mastic and fine 
aggregate, in this case Ottawa sand.  The DMA test results can be used to validate 
predictions of cohesive and adhesive bond strength in fine aggregate mixtures based on 
the application of surface energy principles, as previously discussed.  Since the adhesive 
bond between binder or mastic and aggregate in the presence of moisture can also be 
calculated based on surface energy principles, use of DMA testing to assess moisture 
damage based on surface energy calculations has great potential.  DMA testing can also 
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be used to assess the impact of mineral filler and comparison of damage analyses of 
various fine aggregate mixtures, dry and in the presence of moisture. 

  
According to Cheng et al. (2002), adhesive surface energies can be calculated by 

measuring surface energies of each mixture constituent: asphalt binder, aggregate, and 
water. 
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Where LWΓ  = Lifshitz-van der Waals component of the surface energy, 
 +Γ  = Lewis acid component of the surface energy, 

−Γ  = Lewis base component of the surface energy, and 
 wab ,,  = each subscript represents asphalt binder, aggregate, and water, 
respectively. 
 
The power of this relationship can be illustrated by the following simple equation: 
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Where iR  = ratio of a damage indicator between wet and dry conditions, 

iP  = percentage of surface area of the aggregate that is replaced by moisture, 
 dGΔ  = adhesive surface energy between asphalt and aggregate without moisture, 
  wGΔ  = adhesive surface energy between asphalt and aggregate with moisture, and 
   i  = i th number of loading cycle. 
  
In DMA testing, the ratio of damage indicator is defined as: 
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Where N

wiPS ,  = normalized pseudo stiffness of a wet sample at i th loading cycle, and 

 N
diPS ,  = normalized pseudo stiffness of a dry sample at i th loading cycle. 
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Equations 63 and 64 relate the ratio of wet modulus of a mixture to the dry 

modulus of the mixture.  Note that the modulus ratio is related to the ratio of the total 
bond strength of the wet system to the total bond strength of the dry system.  
Furthermore, the total bond strength of the wet system is the summation of the product of 
the dry bond strength between the aggregate and the asphalt cement or mastic, dGΔ , and 
the area of the bond )1( iP− , and the bond strength between the aggregate and asphalt 
cement in the presence of moisture, wGΔ , and the area influenced by moisture, iP .  Table 
10 compares surface energies for three binder-aggregate systems.  In case 1, the binder is 
asphalt AAD-1 and the aggregate is quartz sand.  In case 2, the same quartz sand 
aggregate is blended with asphalt AAM-1 instead of AAD-1.  In case 3, the AAD-1 
binder is blended with a limestone in lieu of a quartz sand.  The Γ-values in Table 10 are 
surface energies for the binder (subscript b ) and aggregates (subscript a ), respectively. 
The GΔ -values are adhesive bond energies for the dry (subscript d ) and wet (subscript 
w ) conditions, respectively.  Note that the value of wGΔ  is always a negative value, 
indicating that bond energy between the asphalt cement and aggregate is released in the 
presence of moisture or that moisture will replace asphalt cement at the interface.  The 
potential of water to replace the asphalt cement bond is directly proportional to the 
magnitude of this negative value.  The more negative the value of wGΔ  is, the greater is 
the potential for asphalt-aggregate bond loss.  Therefore, as Cheng et al. conclude, the 
most moisture-resistant asphalt mixtures are those that have the highest (most positive) 
value of dGΔ  and the least negative value of wGΔ  (2002).  The DMA test can be used in 
conjunction with or to validate this approach.  In addition, the DMA test can be used to 
validate the logical hypothesis that the binder or mastic that absorbs the most water is 
more susceptible to moisture damage.  Actually, Cheng et al. (2002, 2003) have already 
validated these hypotheses via full scale mixture testing; however, the DMA experiment 
is much more efficient and easier to analyze than full scale mixture testing.  It therefore, 
provides an excellent test by which to assess the moisture resistance of the black phase or 
sand asphalt of the asphalt mixture, which is often the most moisture damage prone 
phase. 
 
 As a test of this hypothesis, case 1 (AAD-1 and quartz sand) and case 2 (AAM-1 
and quartz sand) were evaluated using the DMA moisture damage test.  Using the ratio of 
number of load cycles to failure as a criterion, the effect of moisture on the case 1 
mixture was more severe than the effect of moisture on the case 2 mixture (Nf wet/Nf 

dry)case 1 = 0.45 while (Nf wet/Nf dry)case 2 = 0.60.   
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Table 10. Arbitrarily Determined Adhesive Surface Energies (Unit: ergs/cm2) 
 

Surface Energies  
      
   Case 1   Case 2   Case 3 

LW
bΓ    8.59   9.33   8.59 
+Γb    5.96   17.79   5.96 
−Γb    14.48   21.40   14.48 
LW
aΓ    64.8   64.8   86.5 
+Γa    11.0   11.0   0.4 
−Γa    250.8   250.8   285.5 

dGΔ    149.8   213.5   141.8 

wGΔ    -63.7   -27.4   -66.9 
 
Note: For every case, surface energy of water: LW

wΓ = 21.8, +Γw = 25.5, −Γw = 25.5 
 
 
 
 

Figure 53 presents the calculated values of iR  at a strain level of 0.28 percent 
(large enough to cause damage) and the iP  value based on Equation 70.  This plot 
represents asphalt AAD-1 and sand, Case 1 in Table 10.  Similar plots for Cases 2 and 3 
can be developed and compared.  The value of iP  indicates moisture damage evolution 
represented by adhesive fracture at the interfaces between binder and aggregate due to the 
presence of moisture.  By observing the value of iP  as the number of loading cycles 
increases, potential moisture damage susceptibility of each different asphalt-aggregate 
system can be estimated, since each different system possesses different combinations of 
surface energy characteristics and damage evolution behavior between wet and dry 
conditions.   
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CONCLUDING REMARKS   
   

The effects of moisture on fatigue damage and fracture of asphalt binders and/or 
mastics were evaluated successfully using the DMA for one SHRP-classified binder, 
AAD-1 in this study.  The experimental procedure described in this project using the 
DMA offers a macroscopic evaluation of moisture damage that can be related to 
fundamental material properties such as viscoelastic properties and surface energy 
characteristics and damage evolution characteristics.  The testing method is relatively fast 
and efficient and offers a valuable tool to directly assess moisture damage potential in a 
fine aggregate mixture where moisture damage is often of considerable concern.  

   
 The use of two reliable nonlinear viscoelastic damage indicators, pseudo stiffness 
and dissipated pseudo strain energy; clearly demonstrated that moisture significantly 
reduces fatigue resistance and ultimately fatigue life of asphalt mixtures.  Based on 
scientific observations using a continuum damage fatigue model, we conclude that 
mixtures in the presence of moisture usually experience a higher level of initial damage 
as well as a faster rate of damage evolution.  
  

Mechanical fatigue testing results from DMA should be performed in conjunction 
with cohesive bond and adhesive bond (dry and in the presence of water) calculations as 
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Figure 53.  Variation of Wet-to-Dry Pseudo Stiffness Ratios and Percentage of 
Aggregate Surface Exposed to Moisture as the Number of Loading Cycles 

Increases. 
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a validation of the calculations and to monitor the impact of the bond strength calculation 
from these basic material properties on measured performance.  Analysis results indicate 
that moisture damage susceptibility depends strongly on surface energy characteristics of 
individual mixture constituents.     

 
Future research will extend this approach to other DMA mixtures composed of 

different binders and fine aggregates.  Effects of material aging and/or binder additives 
on moisture damage can also be evaluated.  Since each system has different material 
characteristics such as viscoelastic material properties and surface energies, the DMA test 
together with surface energy principles can be used as a landmark to maximize moisture 
damage resistance.     
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CHAPTER 7.  FURTHER DEVELOPMENT OF DMA ANALYSIS 
 
METHODOLOGY 
 

Zollinger (2005) developed a new fabrication method for DMA specimens based 
on the previous work of Kim (2003).  In this approach, the filler is mixed with the pure 
binder at the pre-determined mixing temperature.  The binder-filler mixture is then mixed 
with aggregate using a mechanical mixer, as is used to produce gyratory specimens at the 
mixing temperature.  The loose mixture is then placed in the oven and aged at the proper 
aging temperature for 2 hours for short-term oven aging.  The temperature is then 
changed to the compaction temperature for 1 hour.   

 
The theoretical maximum specific gravity is determined for the mixtures used to 

prepare the DMA specimens.  The loose mixture is placed in a 150 mm diameter gyratory 
mold and compacted using a Superpave gyratory compactor to a target air void content of 
11 percent and a height of 85 mm.  The sample is allowed to cool for 1 day.  Each side of 
the specimen is trimmed about 17.5 mm to a sample height of 50 mm.  Approximately 32 
DMA specimens are cored from the 150 mm diameter and 50 mm tall gyratory 
compacted sample, as illustrated in Figure 54.   

 
To use the DMA testing methodology to evaluate moisture damage, some DMA 

samples are tested in the dry condition, while others are preconditioned with moisture.  
Preconditioning is achieved following the method described in Chapter 6.  The first step 
is to allow moisture to penetrate the specimen by placing the specimen in distilled water 
and applying vacuum pressure to accelerate moisture permeation.  The specimen remains 
under vacuum for 1 hour.  As described in Chapter 6, the average saturation level 
(volume of absorbed water to the volume of air voids) is approximately 125 percent, 
meaning some moisture may have diffused into the mastic. 

 
DMA testing was performed (by Zollinger 2005) using a Bohlin Instruments 

CVOR 200 rheometer.  The sample holders that came with the device required tightening 
of two screws on each end, which caused some misalignment.  Therefore, sample holders 
and solid fixtures for the cylindrical samples were fabricated at the TTI machine shop.  
The new solid fixtures require tightening one set screw, which eliminated misalignment 
problems. 

 
DMA testing begins with placing a DMA sample in the sample holder using glue 

as shown in Figure 55a.  The glue requires 20 minutes to stiffen.   The specimen is then 
mounted into the DMA chamber (Figure 55b) solid fixtures and time given to 
equilibrate to the desired testing temperature of 25oC, as shown in Figure 55c. 
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Figure 54.  A Cored Superpave Gyratory Specimen. 
 
  
           

  

 
 
   
 
     (a)                (b)                                          (c)     
 
 
Figure 55. (a) Specimen Placed in Sample Holders for DMA Testing, (b) A Sample 
Mounted in DMA, (c) Temperature Equilibrium. 

 
A DMA specimen is subjected to sinusoidal torsional strain loading.  The 

resulting stress is also sinusoidal but out of phase with strain with a magnitude equal to 
the phase angle, as seen in Figure 56.  To determine the linear viscoelastic material 
properties, dynamic modulus, and phase angle, a strain-controlled torsional cyclic test is 
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conducted at a strain of 0.0065 percent, which is within the linear viscoelastic range, and 
at a frequency of 10 Hz.  These properties are subsequently used to compute pseudostrain 
during the fatigue damage portion.   To simulate fatigue damage, the same sample is then 
subjected to strain-controlled cyclic torsion at 0.3 percent strain at 10 Hz until failure.  It 
is assumed that the total dissipated energy is the same irrespective of the loading strain 
level.    

 
Researchers also used the DMA to conduct a relaxation test within the LVE range 

on DMA specimens.  In this test, a constant shear strain oγ was applied, and the stress 
response ( )tτ was recorded.   

 
 

 
 

Figure 56.  Typical DMA Sample Time Profile of Stress and Strain. 
 
 
 The eight mixtures selected represent varying mixture designs, geological origins 
of aggregates, and binder grades.  Table 11 includes a summary of these mixtures.  The 
details on mix design and aggregate gradations are given by Zollinger (2005). 
 

Table 11.  Mixture Descriptions. 
 

Mix 
# Location Reported Field 

Moisture Performance Binder Grade 

1 Wichita Falls, TX Hamburg Data Only PG 76-22 
2 Wichita Falls, TX Hamburg Data Only PG 76-22 
3 Atlanta, TX Good PG 76-22 
4 Atlanta, TX Good PG 76-22 
5 Atlanta, TX Good PG 76-22 
6 Atlanta, TX Good PG 76-22 
7 Ashland County, OH Poor PG 64-22 
8 Wayne County, OH Poor PG 64-28 
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Zollinger (2005) prepared DMA cylindrical specimens by mixing the binder with 
the finer portion (minus 1.18 mm to pan) of the aggregate gradation.  The DMA 
specimen aggregate gradation was proportioned according to the job mix formula (JMF), 
as shown in Table 12.   

 
 

Table 12.  DMA Aggregate Gradations. 
 

Sieve 
Size 
(mm) 

Mix 3 Mix 4 

 Quartzite 
Screenings 

Granite 
Donnafill

Hyd 
Lime 

Sandstone 
Screenings 

Granite 
Donnafill 

Hyd 
Lime 

1.18 100.0 100.0 100.0 100.0 100.0 100.0 
0.6 61.4 94.8 100.0 61.1 94.8 100.0 
0.3 22.8 57.3 100.0 49.7 57.3 100.0 
0.15 12.3 22.4 100.0 26.9 22.4 100.0 
0.075 1.8 1.8 100.0 1.7 1.7 100.0 
Sieve 
Size 
(mm) 

Mix 5 Mix 6 

 Limestone 
Screenings Hyd Lime Sandstone 

Screenings 
Field 
Sand 

Hyd 
Lime 

1.18 100.0 100.0 100.0 100.0 100.0 
0.6 61.2 100.0 - - - 
0.425 - - 40.2 98.5 100.0 
0.3 49.7 100.0 - - - 
0.15 26.9 100.0 18.0 28.8 100.0 
0.075 1.8 100.0 - - - 
Sieve 
Size 
(mm) Mix 7 Mix 8 

 Limestone 
Sand Natural Sand 

Limestone 
Sand Natural Sand 

1.18 100.0 100.0 100.0 100.0 
0.6 60.1 64.0 60.1 64.0 
0.425 - - - - 
0.3 25.4 23.3 25.4 23.3 
0.18 - - - - 
0.15 6.3 2.9 6.3 2.9 
0.075 1.8 1.8 1.8 1.8 

 
The aggregate passing the 0.075 mm sieve is considered to be filler and is mixed 

with the pure binder at the pre-determined mixing temperature for the mixture.  If the 
volume of filler is 10 percent of the binder volume, then 8 percent binder-filler mixture 
by mass of aggregate is mixed with the aggregate at the mixing temperature. 
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 The DMA was used to evaluate each mixture’s ability to accumulate damage. The 
DMA applies a cyclic, torsional strain-controlled loading to cylindrical asphalt mastics 
until failure.  For each mixture, a minimum of 10 samples were tested in both the wet and 
dry conditions. 
 

Linear viscoelastic properties were determined with a cyclic loading strain 
amplitude equal to 0.0065 percent during the low-strain portion of the testing protocol 
and are presented in Table 13.  Mixture 5 has the highest dry LVE dynamic modulus of 
242 × 106 Pa, with the lowest dry LVE phase angle of 19.2°.  Mixture 8 has the lowest 
dry LVE dynamic modulus of 108.4 × 106 Pa, with the highest dry LVE phase angle of 
33.5°.   

 
The relaxation test results were used to calculate the relaxation modulus as in 

Equation (1): 
( )( ) m

1
o

tG t G G tτ
γ

−
∞= = +        (65) 

 
The parameters of Equation 65 are shown in Table 14.  G∞  was almost equal to zero for 
the specimens tested in this study. 
 
 
Table 13.  DMA Linear Viscoelastic Dynamic Modulus and Phase Angle at 10 Hz in 

Both Dry and Wet Conditions. 
 

 
 
 
 
 

 
 

LVE Modulus (G*) (Pa) LVE Phase 
Angle (δ) (o) 

Mix 

Dry (× 106) Wet (× 106) Dry Wet 
3 177.9 174.6 24.0 24.1 
4 188.9 143.5 22.9 29.0 
5 242.0 206.0 19.2 26.3 
6 163.3 146.7 30.5 33.7 
7 158.1 190.8 26.6 22.8 
8 108.4 134.2 33.5 29.9 
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Table 14.  Average G1 and m Values. 
 
 
 

 
 
 
 
 
 
 
 
 
Empirical Parameters for Evaluation of Moisture Damage  

 
As described by Kim (2003), the peak of the product of NxG′/G proved to be the 

best indicator of fatigue failure (Figure 57). 
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Figure 57.  Typical Plot of N×G*'/G* and G*'/G* versus Number of Load Cycles. 

 
   

Table 15 provides the average fatigue life in both the wet and dry conditions, 
along with the moisture damage parameter wet Nf/Dry Nf.  The higher the wet/dry ratio, 
the better the mixture performs, as the wet fatigue life is closer to the dry fatigue life.  
Mixture 4 has the highest ratio of 0.9, while Mixture 3 has the lowest at 0.08. This 
parameter correlates very well with the reported field performance and surface energy 
parameters, except for Mixture 3.  Mixture 3 had the highest dry fatigue life; however, it 
had the lowest wet fatigue life.  A possible reason for this poor resistance to moisture 
damage is the high angularity of the Mixture 3 quartzite particles as compared to those 
used in the other mixtures.  Particles retained on the 0.3 mm sieve were analyzed for 

G1 (Pa) m Mix 
Dry (× 106) Wet (× 106) Dry Wet 

3 65.8 36.7 0.38 0.26 
4 40.9 27.6 0.34 0.30 
5 79.4 57.6 0.31 0.23 
6 23.9 20.4 0.42 0.38 
7 30.1 34.1 0.54 0.37 
8 12.1 18.0 0.45 0.45 
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angularity using AIMS and are reported in Figure 58.   This discussion regarding the 
effect of angularity is developed further by Zollinger (2005). 

 
The Mixture 3 quartzite particles are 20 percent more angular than the next 

highest angular aggregate.  As discussed earlier in this paper, high angularity of 
aggregates could cause puncturing of asphalt film, which accelerates water intrusion to 
the asphalt-aggregate interface and moisture damage.   
 
 

Table 15.  Mixture Rankings According to Average Fatigue Life in Both Dry and 
Wet Conditions. 

 
Average Fatigue Life 
(Nf) Mix Reported 

Performance Dry Wet 

Wet Nf 
Dry Nf 

3 Good 25,205 2,083 0.08 
4 Good 16,349 14,671 0.90 
5 Good 13,628 5,330 0.39 
6 Poor 13,541 5,603 0.41 
7 Poor 3,159 803 0.25 
8 Poor 8,767 2,231 0.25 
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Figure 58.  Fine Aggregate Angularity Index. 



 

92 

 Table 16 shows the ratio of the dynamic modulus at failure to the initial dynamic 
modulus.   This parameter describes the amount the mastic dynamic modulus can 
decrease while still accumulating damage.  Mixture 5 has the highest dry G*'/G* at 0.549.  
Mixture 7 has the lowest dry reduced dynamic modulus at 0.387, yet the highest wet 
value of 0.672.  Since the Mixture 3 dry value is 0.448 and wet value is 0.608, the wet 
samples clearly failed prematurely, supporting the effect of high angularity as the cause.  
The lower the moisture damage parameter of Wet/Dry, the better the mixture resistance 
to moisture damage.  Based on this parameter, Mixture 4 had the lowest value of 0.91, 
and Mixture 7 had the highest value of 1.74.  The results in Table 16 indicate that the 50 
percent reduction in stiffness, which is commonly taken as the threshold of damage, does 
not represent all materials. 
 
 
Table 16.  Mixture Rankings According to Reduction in Dynamic Modulus (G*'/G*) 

at Fatigue Life in Both Dry and Wet Conditions. 
 
 

G*'/G*  at Fatigue Life Mix Reported 
Performance Dry Wet 

Wet 
Dry 

3 Good 0.44 0.60 1.36 
4 Good 0.46 0.42 0.91 
5 Good 0.54 0.62 1.14 
6 Poor 0.37 0.40 1.08 
7 Poor 0.38 0.67 1.74 
8 Poor 0.43 0.49 1.16 

 
 
This work by Zollinger (2005) lends considerable credibility to the work 

described in Chapters 1-6 describing the development of the DMA methodology used to 
assess the impact of mineral filler and fine aggregate on HMA fracture fatigue, for both 
dry and wet mixtures. 
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CHAPTER 8.  CONCLUSIONS AND RECOMMENDATIONS 
 

 

CONCLUSIONS 
 
Based on the study, the following conclusions can be drawn.   

• Dynamic mechanical analysis can be effectively used to characterize basic 
material properties, the fatigue behavior of asphalt binders, and the fine aggregate 
mastics in a torsional mode.  

 
• The DMA is a tool that is capable of defining the impact on fatigue life of asphalt 

cement mastics and fine aggregate.  The protocol described in this project using 
sand asphalt mixtures in the form of a cylindrical sample provides acceptable 
data. 

 
• Among the first inflection point, the second inflection point, and the transition 

point ( tN ) based on the product of stiffness and the number of load cycles, the tN  
is a reasonable point by which to identify failure and correlates well with the point 
of maximum phase angle.  

 
• Three different damage parameters, a decay in pseudo stiffness, a loss of 

nonlinear dynamic modulus, and a change in dissipated strain energy, showed 
similar behavior when normalized.  The three different damage parameters proved 
to be effective as monitors of fatigue damage during torsional loading. 

 
• Careful analysis of the shape of the relationship between normalized NDM and 

number of load cycles can be effectively used to understand the mechanisms of 
fatigue failure, which were shown in this study to vary among asphalt systems.  
For example, the high cure rubber modified binders fatigue in a very different 
manner and due to a different mechanism than the traditional, unmodified binders.  
This is evident based on the slopes of the damage curves, which indicate rate of 
damage and the impact of the binder-modifier structure that impacts the response 
mechanism.  

 
• Modified binders generally show much longer fatigue life than other neat binders, 

even though the modified binders were aged. The aged HCR binders generally 
approached failure faster than the unaged binder especially at a lower strain level, 
and the degree of aging clearly influences fatigue life. 

 
• The continuum damage mechanical fatigue prediction model developed by Lee et 

al. (2000) was successfully extended from uniaxial fatigue, as developed by Lee 
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et al., to the torsion mode.  In addition, the definition of fatigue failure was based 
on the transition definition of fatigue damage rather than 50 percent of PS 
reduction as proposed by Lee et al. (2000). 

 
• By observing continuum damage mechanical model parameters, it can be 

concluded that the polymer and/or rubber modified binder demonstrates longer 
fatigue life because it is soft but capable of accumulating more damage before 
failure due to a slow rate of stiffness reduction. 

 
• Fillers that contribute to fatigue life increase in strain-controlled fatigue testing, 

even though they stiffen the binders.  By employing the continuum damage 
mechanical fatigue prediction models, one can conclude that fillers provide better 
resistance to microcracking due to a lower rate of damage evolution and higher 
capability for total damage accumulation.  Hydrated lime was more effective than 
limestone filler, which infers that mechanisms other than a volume filling effect 
occur. 

 
• The improvement in fatigue life due to hydrated lime is much greater for the 

AAD-1 mix than for the AAM-1 mix.  This indicates that the physico-chemical 
interaction between binder and filler is dependent on the types of material. This is 
quite consistent with previous research findings.  

 
• Work by Zollinger (2005) has developed a DMA test methodology based on the 

empirical and theoretical development by Kim (2003), which successfully applied 
the DMA analysis to asphalt mixtures prepared with aggregate passing the No. 16 
sieve.  This technique defines the impact of fine aggregate and mineral filler on 
the fatigue damage of asphalt mixtures in both a dry and wet environment. 
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