
 

 

 

 

 

 

 

 

 

 

Copyright 

by 

Sharmin Sultana 

2014 

 

 

  



 

 

The Dissertation Committee for Sharmin Sultana Certifies that this is the approved 

version of the following dissertation: 

 

 

Tensile Strength of Asphalt Binder and Influence of Chemical 

Composition on Binder Rheology and Strength 

 

 

 

 

Committee: 

 

Amit Bhasin, Supervisor 

Kenneth M. Liechti 

Jorge A. Prozzi 

Zhanmin Zhang 

David W. Fowler  



 

 

Tensile Strength of Asphalt Binder and Influence of Chemical 

Composition on Binder Rheology and Strength 

 

by 

Sharmin Sultana, B.S.C.E.; M.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

August 2014 



 

 

Dedication 

 

This dissertation is dedicated to my family. 

 

 



 

v 

 

Acknowledgements 

 

I would like to express my profound gratitude to my advisor Dr. Amit Bhasin for 

providing me invaluable support, guidance and encouragement throughout this study. I 

am truly grateful for his advice in my personal and professional development.  

I acknowledge the financial support of the National Science Foundation (CMMI-

1053925) for this study. 

I am grateful to my committee members Dr. Kenneth Liechti, Dr. Jorge Prozzi, 

Dr. Zhanmin Zhang and Dr. David Fowler for providing helpful comments and 

suggestions on my Ph.D. research work. 

Thanks to my colleagues Pravat, Zelalem, patricia, Ruixia, Arash and Sakib for 

their strong support in the lab and academic conversations.  

I would also like to thank the stuff of the department for their kind assistance with 

several issues.  

I want to acknowledge my friends who have always encouraged me. I cannot 

adequately express my gratitude to my parents and sisters for their love, encouragement 

and support. Finally, I thank to my husband Md. Sarwar Siddiqui for his patience and 

kindness. Words cannot describe his care and inspiration during this long process. 

  



 

vi 

 

Tensile Strength of Asphalt Binder and Influence of Chemical 

Composition on Binder Rheology and Strength 

 

Sharmin Sultana, Ph.D. 

The University of Texas at Austin, 2014 

 

Supervisor:  Amit Bhasin 

 

Asphalt mixtures or asphalt concrete are used to pave about 93% of about 2.6 

million miles paved roads and highways in the US. Asphalt concrete is a composite of 

aggregates and asphalt binder; asphalt binder works as a glue to bind the aggregate 

particles. The mechanical response of the asphalt binder is dependent on the time/rate of 

loading, temperature and age. An asphalt concrete mixture inherits most of these 

characteristics from the asphalt binder. Also the asphalt binder plays a critical role in 

providing the asphalt concrete the ability to resist tensile stresses and relaxing thermally 

induced stresses that can lead to fatigue and low temperature cracking, respectively. 

Hence, it is very important (but not sufficient) to ensure that asphalt binders used in the 

production of asphalt concrete are inherently resistant to cracking, rutting and other 

distresses that a pavement may undergo. Current binder specification (AASHTO M-320) 

to evaluate its fatigue cracking is based on the stiffness of the binder and not on its tensile 

strength. Also, measurements following current specifications are made on test specimens 

subjected to a uniaxial mode of loading that does not produce the same stress state in the 

binder as in the case of asphalt concrete.  
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Another challenge in being able to produce binders with inherently superior 

performing characteristics is the fact that the asphalt binders produced in a refinery do not 

have a consistent chemical composition. The chemical composition of asphalt binder 

depends on the source and refining process of crude oil. There is a need to better quantify 

the tensile strength of asphalt binder and understand the relationship between the 

chemical composition of asphalt binders and its mechanical properties. The knowledge 

from this study can be used to engineer asphalt binders that have superior performance 

characteristics.  

The objective of this research was to quantify the tensile strength of asphalt 

binder, develop a metric for the tensile strength and identify the relationship between 

chemical composition and mechanical properties of asphalt binder. Laboratory tests were 

performed on binders of different grades using a poker chip geometry to simulate 

confined state by varying the film thickness, rate of loading and modes of loading. The 

chemical properties of asphalt binder were studied based on SARA fractionation. The 

findings from this research showed that the modified correspondence principles can unify 

and explain the rate and mode dependency of asphalt binder. This study also quantified 

the relationship between chemical composition, and rheological and mechanical 

properties of asphalt binder. Finally, a composite model was developed based on the 

individual properties of chemical fractions which could predict the dynamic modulus of 

the asphaltenes doped and resins doped binder. 
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Chapter 1:  Introduction 

1.1. BACKGROUND 

Asphalt is used as the paving material for about 93% of the 2.6 million miles of 

paved roads and highways in the US (NAPA 2014). The total vehicle miles traveled 

(VMT) on all U.S. roads increased from about 1.5 trillion miles in 1980 to about 3 trillion 

miles in 2010 (FHWA 2014); during this time period, truck  and passenger VMT 

increased by 105% and 95%, respectively. However, according to FHWA, the pavement 

lane miles increased by about 10% during last three decades; consequently, the pavement 

is experiencing more wheel load, which raises the need of better performing asphalt 

concrete to improve the service life of pavement as well as to reduce the need for 

pavement repair and rehabilitation. 

Asphalt concrete is a composite of aggregates and asphalt binder; asphalt binder 

works as a glue to bind the aggregate particles. The mechanical response of an asphalt 

binder is dependent on the time/rate of loading, temperature and age. Asphalt concrete 

inherits the time/rate, temperature and age dependency from the asphalt binder. Hence, it 

is very important (but not sufficient) to ensure that asphalt binders used in the production 

of asphalt concrete are inherently resistant to cracking, rutting and other distresses that a 

pavement may undergo. 

1.2. MOTIVATION 

The current performance based specification for asphalt binders is developed to 

ensure that an asphalt binder selected for pavement application can survive the climate 

and load related stresses over its design life without experiencing undue distress in terms 

of rutting, fatigue cracking and low temperature cracking. However, the performance-
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based specification is based on test methods (AASHTO M-320) that measure the stiffness 

and the ability of the binder to relax at different temperatures. In the context of measuring 

fatigue cracking resistance at intermediate temperatures, the tensile strength of a binder is 

just as important as stiffness in assessing its resistance to cracking. In addition, the 

AASHTO M-320 determines stiffness based on a uniaxial mode of loading, which does 

not necessarily represent the state of stress of the binder in an asphalt concrete subjected 

to wheel loading (Elseifi et al. 2008; Poulikakos and Partl 2010). Existing literature 

(Harvey and Cebon 2003, 2005; Majidzadeh and Herrin 1965; Poulikakos and Partl 

2011) emphasized the importance of thin film of asphalt binder to study its response to 

tensile loading. They reported the tensile strength of the binder as a function of the film 

thickness, loading rate, and temperature. However, under traffic loading, the mechanisms 

that take place include: damage accumulation, relaxation due to viscoelastic nature of the 

material, and healing (Kim et al. 1995). Therefore, any method to evaluate the fatigue 

cracking resistance of an asphalt binder should be focused on measuring an inherent 

material property that is independent of extraneous factors such as rate of loading and 

specimen geometry. 

While a sound method to measure the tensile strength of the binder is critical to 

access its fatigue cracking life, this information cannot be used to meaningfully engineer 

binders with superior performance characteristics. In order to design or engineer asphalt 

binders with superior cracking resistance, it is equally important to evaluate the 

relationship between the chemical composition of the asphalt binder to its tensile 

strength. A better understanding of this relationship can be used to develop crude stock 

blending formulas, chemical or other modifiers, and rejuvenators that can be used to 

produce binders that will result in superior performing pavement structures. However, a 
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challenge to achieve this is that the chemical composition of asphalt binders is extremely 

complex. Also the chemical composition depends on the source of the crude oil and the 

processes used to refine the crude oil that result in the production of the asphalt binder. 

1.3. OBJECTIVES 

The main objectives of this research were to:  

 Quantify the tensile strength of an asphalt binder under a state of stress that is 

similar to what the binder experiences in an asphalt concrete mixture. More 

specifically, in a typical asphalt concrete composite, a relatively small volume of 

the asphalt binder is used to coat and bind the rigid aggregate particles. As a 

result, the confined asphalt binder experiences highly localized hydrostatic 

stresses when the composite is subjected to external loads. 

 Identify a metric for the tensile strength of binders that is independent of the rate 

and mode of loading, and specimen thickness.   

 Conduct preliminary investigations to better understand the relationship between 

chemical composition and mechanical properties of asphalt binder especially 

between the complex modulus and tensile strength of the binder. 

 Investigate the feasibility of using composite models to predict the mechanical 

properties of the asphalt binder based on the properties of its constituents. 

1.4. RESEARCH PLAN 

The above objectives were accomplished by executing the following research 

tasks: 

1. Tension tests were conducted using a poker chip geometry, which represents the 

stress state that the asphalt binder experiences between aggregates within an 
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asphalt concrete mix. The tensile strengths of selected binders were measured 

using different loading rates and mode, and specimen thickness by applying 

monotonically increasing load or displacement. The rate dependent stress-strain 

response of the binders was analyzed to extract a unique material dependent 

failure property. 

2. Two different binders were separated into four (SARA) fractions based on their 

polarity.  The fractions were doped in the original binder to produce four 

derivative binders from each parent binder. Each derivative binder had 

approximately 30% more of a specific fraction, relative to the other three 

fractions. Temperature-frequency sweep tests in shear and tensile strength tests 

were conducted in the laboratory on the parent and derivative binders. The data 

obtained from these tests were analyzed to evaluate the influence of chemical 

composition on binder rheology and tensile strength. 

3. Frequency sweep tests were conducted on the separated fractions to develop a 

composite model to predict asphalt binder response based on the properties of its 

constituents. 

1.4. ORGANIZATION  

This document includes five chapters, with the first chapter providing 

background, objectives and research plan. Chapter 2 presents an approach that was used 

to unify the effect of rate and mode of loading, and confinement on the tensile strength of 

asphalt binder. In Chapter 3, the relationship between chemical composition of asphalt 

binder and its physical and mechanical properties was investigated. Chapter 4 discusses 

the development of a composite model to predict the properties of asphalt binder based 
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on the individual property of the constituents. Finally, summary and major findings are 

presented in Chapter 5. 
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Chapter 2:  Rate and Confinement Effect on Tensile Strength of 

Asphalt Binder1 

2.1. OVERVIEW 

Asphalt binder is a viscoelastic material that works as a glue to bind the aggregate 

particles to form an asphalt concrete composite. Fatigue cracking is a predominant form 

of distress in the asphalt pavements that is primarily dictated by the ability of the asphalt 

binder to resist tensile loads. The motivation of this study was to quantify the tensile 

strength of the asphalt binder under a confined state of stress that is similar to what the 

binder experiences in an asphalt concrete mixture. A poker chip geometry was used to 

simulate the confined state. Laboratory tests were performed on binders of different 

grades by varying the film thickness, rate of loading and modes of loading. These three 

factors influence the stress-strain behavior and failure stress of the confined asphalt 

binder films. Within the linear viscoelastic limit and before damage is induced, the 

differences due to the rate and mode of loading could be successfully explained and 

unified using modified correspondence principle. Beyond this limit, the differences due 

to rate and mode of loading could be successfully explained and unified using a power 

law damage evolution model following the methodology referred to as the viscoelastic 

continuum damage model. Examination of the failure surfaces and true internal stresses 

within the poker chip geometry reveals that tensile failure occurs in the form of cavitation 

as long as a certain degree of confinement is achieved.  

                                                 
1 Substantial part of this chapter has been published in the journal of Construction and Building Materials. 

Sultana, S., Bhasin, A., and Liechti, K. M. (2014). “Rate and confinement effects on the tensile strength of 

asphalt binder.” Construction and Building Materials, 53, 604–611 [Bhasin, A. and Liechti, K.M. 

supervised the research]. 
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2.2. INTRODUCTION AND BACKGROUND 

Asphalt concrete is a composite of aggregates and asphalt binder. Asphalt binder 

is a viscoelastic material that works as a glue to bind the aggregate particles. An asphalt 

concrete pavement deteriorates under the action of traffic or thermal loads due to the 

failure of these two components or their interface or a combination of the two. Fatigue 

cracking is a predominant form of distress in asphalt pavements that is primarily driven 

by the ability of the asphalt binder to resist tensile loads. The motivation of this research 

was to better quantify the tensile strength of the asphalt binder under a state of stress that 

is similar to what the binder experiences in an asphalt concrete mixture. More 

specifically, in a typical asphalt concrete composite, a relatively small volume of the 

asphalt binder is used to coat and bind the rigid aggregate particles. As a result, the 

confined asphalt binder experiences high localized stresses when the composite is 

subjected to external loads. This section presents a summary of the literature on analytical 

and experimental work done in the area of polymers and asphalt to better understand and 

evaluate the tensile failure in thin confined films.  

Gent and Lindley (1959) were amongst the first few researchers to perform 

experiments on a thin film of a soft elastic material between rigid substrates; now 

commonly referred to as the poker chip geometry. Their objective was to create a high 

hydrostatic tensile stress to initiate failure at the center of the test specimen. Based on 

these tests, they demonstrated that the critical hydrostatic tensile stress resulting in failure 

is a material property that is closely related to the elastic modulus of the material. Their 

work was further extended by Lindsey (1967), who demonstrated that high tensile 

hydrostatic stresses are developed in thin confined films. Lindsey used the solution for 

stress field in a poker chip geometry to compute the critical hydrostatic tensile stresses in 
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the thin film at failure. His results demonstrated that under such conditions, the failure 

strain of the material was approximately 10 times smaller than the failure strain obtained 

from a uniaxial tensile test, and that the hydrostatic tensile stresses were two to three 

times the tensile stresses obtained from uniaxial tensile tests. Based on the previous work 

of Fisher (1948), Lindsey reinforced the idea that the critical hydrostatic tensile stress at 

which material failure initiates is a material property. More recently, Cristiano et al. 

(2010) hypothesized that the critical hydrostatic tension at which failure occurs can be 

treated as a material property (consistent with Lindsey) as long as the size and 

distribution of inherent defects or flaws within the material did not change. In their 

experiments, Cristiano et al. (2010) created a hydrostatic stress state in a soft polymeric 

material using a thin film of the soft material between a glass sphere and a flat plate. 

They also demonstrated that the critical hydrostatic tensile stress at which failure initiates 

was a material property that was related not only to the modulus of the material (as 

proposed by Gent and Lindley (1959) ) but also to its fracture energy.  

The presence of high hydrostatic stresses in thin confined films was also 

analytically demonstrated for particulate composites. For example, Hom and McMeeking 

(1991) analyzed the state of stress in a composite of rigid particles surrounded by a thin 

film of a relatively softer matrix. They demonstrated that the thin layer of the matrix 

between the rigid particles develops extremely high hydrostatic stresses far exceeding the 

uniaxial tensile strength of the matrix. In another study, Fond (2001) reported the high 

hydrostatic stresses at the poles of a rigid spherical inclusion in a soft matrix that 

eventually results in failure initiation and propagation at this location.  

Majidzadeh and Herrin (1965) and Marek and Herrin (1968) evaluated the effects 

of loading rate, temperature, and film thickness on the tensile behavior and failure 
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characteristics of thin asphalt films. They measured the tensile failure in thin films of 

asphalt binders constrained between two rigid plates (the poker chip geometry). They 

varied the film thickness in their experiments and identified three prominent modes of 

failure in the asphalt film: “brittle fracture, tensile rupture, and shear flow”. They 

investigated the limiting values for each category of failure. They reported that at a given 

temperature and rate of loading, the mode of failure transitioned from fracture to a flow 

type failure with an increase in the thickness of the asphalt film. They also reported that 

the rate of loading, temperature, and film thickness had little or no effect on the 

deformation at failure.  

Harvey and Cebon (2003, 2005) used direct tension test on thin films and a 

double cantilever beam to evaluate the fracture properties of an asphalt binder at different 

temperatures and strain rates. They emphasized the importance of the hydrostatic stress in 

thin films that ultimately influences the tensile failure in asphalt binders. They reported 

that the failure mode of asphalt films was brittle, ductile or in transition between these 

two modes. They demonstrated that in the case of thin asphalt films with an aspect ratio 

of 8 or more, the failure mode is predominantly brittle fracture and the failure strain and 

fracture energy did not change significantly at different rates of loading. This is 

consistent with the findings of Majidzadeh and Herrin (1965). However, when the failure 

mode was ductile, they reported that the fracture energy was independent of the aspect 

ratio but dependent on the strain rate.  

Masad et al.(2010) evaluated the influence of film thickness, rate of loading, and 

theoretical work of fracture on the measured fracture properties of thin asphalt films. 

Their results were consistent with the findings reported by Marek and Herrin (1968).  

Poulikakos and Partl (2011) evaluated the influence of binder type, moisture, and 
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temperature on the fracture properties of thin asphalt films. They used asphalt binder 

films that were 20 micrometer thick in a geometry with an aspect ratio of 250. Although 

they varied the film thickness in their experiments, they also emphasized the importance 

of testing thin films that provide a more realistic representation of the state of stress of the 

asphalt binder or mastic within an asphalt mixture.  

In summary, existing literature indicates that confined films of a soft matrix with 

rigid particles in a composite can experience very high hydrostatic tensile stresses. Such 

stresses can be reproduced using a “poker chip” geometry, which comprises a thin film of 

the material confined between relatively rigid substrates. Previous studies on asphalt 

films using a poker chip geometry or similar approach demonstrate that the ultimate 

tensile strength of the binder was a function of the film thickness, rate of loading and 

temperature. Also in most cases, these studies used the nominal tensile stress at failure to 

quantify the strength of the material. The objective of this study was to investigate the use 

of modified correspondence principles to explain the effect of rate and mode of loading 

on the tensile strength of thin films of asphalt binder. The true tensile and hydrostatic 

stresses in the confined films were also computed to explain the effect of film thickness 

on the ultimate tensile strength of the binder.  

2.3. THEORETICAL BACKGROUND 

2.3.1. Stress Distribution within the Poker Chip Specimen 

In a poker chip test configuration, the soft material under investigation is 

sandwiched between two relatively rigid substrates and pulled apart to create a triaxial 

stress state in the center of the specimen. Depending on the material properties and the 
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aspect ratio, a uniform hydrostatic stress state can be obtained for majority of the cross 

section of the material. A schematic of poker chip specimen is shown in Figure 2.1. 

 

 

 

Figure 2.1: Schematic of the poker chip test configuration. 

For films with finite thickness and aspect ratio, Lindsey et al. (1963) defined the 

radial (σr), normal (σz), and shear stress components (τrz) in terms of radial position, 

aspect ratio, and modulus using Bessel functions:  
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Equation 2.3 

 

 

 

Here K is bulk modulus, E is elastic modulus, r is radial position, I0 and I1 are modified 

Bessel functions, and ɑ is the aspect ratio defined as the ratio of diameter and thickness of 

the film. 

The above solution can be transformed using Alfrey’s correspondence principle (Brinson 

and Brinson 2008) and used for viscoelastic materials.  Specifically, the stress, strain and 

elastic constants are converted as follows: 

   ̅    Equation 2.4 

    ̅   Equation 2.5 

   ̅       ̅    Equation 2.6 

          ̅    Equation 2.7 

The Poisson’s ratio in this case has been assumed to be constant, or in other words, it is 

assumed that the bulk and relaxation modulus have similar time dependency.  At the test 

temperatures and time-scales used in this study, this is a reasonable assumption based on 

the results from previous studies on the time dependency of Poisson’s ratio for asphalt 

binders (Motamed et al. 2014).  Using Equation 2.8 and Equation 2.9 with Equation 2.4 
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through Equation 2.7 and applying inverse Laplace transform we get a form similar to 

Equation 2.10 through Equation 2.12. 

2.3.2. Verification of Schapery’s Stress Field for Viscoelastic Material 

Schapery’s elastic stress field equations for the poker chip geometry were 

transformed into viscoelastic domain through Laplace Transform based correspondence 

principle to obtain a viscoelastic stress field. The viscoelastic stress field equations were 

then verified by the results acquired from finite element analysis of an arbitrary asphalt 

binder using ABAQUS. 

Creep compliance and relaxation modulus of the asphalt binder were represented 

using Prony series for the generalized Maxwell model. The generalized Maxwell model 

has m Maxwell elements (a spring and a dashpot in series) and a spring in parallel (Park 

and Schapery 1999). The relaxation modulus and creep compliance can be expressed as: 

        ∑   
 

 
  

 

   

 Equation 2.8 

        ∑  (   
 

 
  )

 

   

 
Equation 2.9 

 

Here Ee is Equilibrium modulus, Ei is elastic stiffness of each Maxwell spring, ρi is 

relaxation time of each Maxwell dashpot, Dg is initial compliance, Dj is compliance and τj 

is relaxation time; m and j are the number of Maxwell elements in parallel. The 

laboratory test data for the asphalt binder were fitted with a Prony series and used with 

the stress field equation (Equation 2.1 Equation 2.2 and Equation 2.3) to obtain the 

viscoelastic response: 
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Equation 2.11 
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Equation 2.12 

 

In ABAQUS, a simple axisymmetric model of soft matrix representing the asphalt 

binder sandwiched between two rigid plates was constructed and monotonic displacement 

was applied on upper substrate as shown in Figure 2.2. “ENCASTRE” boundary 

condition was applied at the bottom and “XSYMM” was applied at the left side of the 

structure. 

 

Figure 2.2: Axisymmetric model in ABAQUS. 

Figure 2.3 and Figure 2.4 compare the normal and radial stress for viscoelastic 

material at the center of the specimen, respectively, obtained from analytical solution and 
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ABAQUS. As can be seen from the figures, the stress obtained from ABAQUS is 

consistent with the analytical solution of Schapery’s stress field for viscoelastic material. 

 

 

Figure 2.3: Normal stress at the center of the specimen from analytical solution and 

ABAQUS.

 

Figure 2.4: Radial stress at the center of the specimen from analytical solution and 

ABAQUS. 
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2.3.3. Correspondence Principles 

Previous studies conducted on asphalt binders using a poker chip geometry or a 

similar confined state demonstrate that the tensile strength of the material was dependent 

on the rate and mode of loading (Majidzadeh and Herrin 1965; Masad et al. 2010). One 

of the objectives of this study was to investigate whether such rate dependency could be 

explained using the transformations referred to as the modified correspondence 

principles.  

Laplace transform is commonly used to solve boundary value problems for linear 

viscoelastic materials (Brinson and Brinson 2008). In this approach, all time dependent 

variables (stress, strain, and displacement) associated with the viscoelastic problem are 

replaced by their Laplace transform. The solutions available for boundary value problems 

of elastic materials can then be utilized with the transformed variables to obtain the 

solution of interest. Inverse Laplace transform is then used to invert the solution from the 

transformed domain back to the time domain. One limitation of this approach is that it 

cannot be applied to mixed boundary value problems in which the boundary changes with 

time. Examples of such cases include the crack growth problem and Hertzian contact 

problem.  

To circumvent the above limitation, Graham and Sabin (1973) introduced three 

modified correspondence principles, CPI, CPII and CPIII that allowed the use of elastic 

solutions for viscoelastic media for problems where the traction and displacement 

boundaries do not change with time, traction boundary increased with time and traction 

boundary decreased with time, respectively. In order to arrive at these modified 

correspondence principles, Graham and Sabin used an alternative form of inverse Laplace 

transform inversion and demonstrated that this inversion was applicable even when the 
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boundary conditions varied with time. The alternative form involved taking a limiting 

value of the inverse Laplace transform at any given point in space for the time during 

which the boundary condition does not change. The full mathematical derivation for this 

can be found in Graham and Sabin (1973). 

Modified correspondence principles have been used extensively by Schapery and 

co-workers to characterize crack growth and healing in viscoelastic materials (Park and 

Schapery 1997; Schapery 1975, 1984, 1989). Schapery's work based on the use of the 

modified correspondence principles has been extensively used to characterize damage 

and healing in asphalt composites (Bhasin et al. 2008; Kim et al. 2003; Kutay et al. 2008; 

Masad et al. 2006; Park et al. 1996; Underwood et al. 2010). 

The modified correspondence principle transforms the stress, strain and 

displacement for a linear viscoelastic material to a pseudo-stress, pseudo-strain, and 

pseudo-displacement associated with a hypothetical reference elastic material. The 

transformed pseudo-stress following CPII in the reference elastic domain is denoted with 

a superscript R and is defined as follows for a crack growth problem (Schapery 1984): 

   
  {     } Equation 2.13 

The pseudo-strain and pseudo-displacement are denoted using a superscript R but 

by definition are numerically similar to the strain and displacement in time domain, 

respectively. In equation Equation 2.13 the transformation {Ddf} of a function f is 

defined as: 

   {   }    ∫        
  

  
  

 

 

 Equation 2.14 
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Where, D(t) is the creep compliance of the viscoelastic material and ER is the modulus of 

the reference elastic material (this modulus can be assigned any arbitrary value, usually 

1). The inverse transform to obtain the function f
R
 from f is defined as: 

  {    }  
 

  
∫        

   

  
  

 

 

 Equation 2.15 

where E(t) is the relaxation modulus of the viscoelastic material. A characteristic of the 

transformed variables (pseudo-stress and pseudo-strain) is that the time dependency 

associated with viscoelastic materials is eliminated. In this study, these modified 

correspondence principles were used to investigate whether the rate dependency of the 

maximum tensile stress measured using the poker chip geometry can be explained. 

2.3.4. Viscoelastic Continuum Damage Model (VECD) 

The VECD concept can be used to describe the rate dependent damage evolution 

in a viscoelastic material. The salient feature of this approach is that the change in overall 

stiffness of a material specimen with distributed flaws 'C' can be described as a function 

of a state variable of damage 'S' . Also the relationship between C and S is independent of 

the testing conditions (mode or rate of loading). This has been extensively demonstrated 

to be true for asphalt composites (Park et al. 1996). Based on Schapery's correspondence 

principle (Schapery 1984) Park et. al (1996) defined the response of a viscoelastic solid 

with time dependent damage growth in correspondence with pseudoenergy density 

function using following equations: 

  
   

   
        Equation 2.16 

   
 

 
            Equation 2.17 
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Equation 2.18 

 

where σ is stress, W
R
 is pseudostrain energy density function, C(S) is pseudostiffness as a 

function of damage parameter S, ϵR
 is pseudostrain and α is related to the material 

properties. In general, α is suggested to take a value of 1+1/m or 1/m being the exponent 

of linear viscoelastic creep compliance. Combining Equation 2.16 to Equation 2.18, the 

simplified equation relating S, ϵR
 and C in numerical form is (Park et al. 1996): 

  ∑[      
            ]

 
            

 
   

 

   

 Equation 2.19 

2.4. MATERIALS AND LABORATORY TESTING 

Two asphalt binders with different performance grades (PG 64-16 and PG 67-22) 

were selected to conduct the laboratory tests. The binders were short-term aged using the 

rolling thin film oven (RTFO) according to ASTM 2872 (2012) to simulate short term 

aging that the asphalt binder experiences during production and placement in the field. 

Note that the objective of this study was to evaluate the effect of loading rate, mode, and 

confinement ratio on the tensile strength of the binder. Therefore, the results from this 

study can easily be extended to evaluate tensile strength of asphalt binders as a function 

of aging. Also, in this study all tests were performed under isothermal conditions at 20C. 

Authors recognize that the temperature of the asphalt influences the tensile strength of the 

asphalt binder. However, due to limitations in the scope of this study, the focus was 

primarily on the rate of loading, mode of loading, and confinement at isothermal 
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conditions. The idea of time-temperature equivalency on the tensile strength of the binder 

shall be explored in future studies.  

Poker-chip tensile tests were performed using a tension-compression dynamic 

mechanical analyzer equipped with a 1000 N load cell. To create the poker chip test 

specimen, two 14.6-mm diameter disc-shaped metal substrates were used. The details of 

sample preparation can be found in Appendix. 

 

Figure 2.5: Test setup to perform direct tension test on confined film of asphalt using a 

poker chip geometry. 

The tensile strength tests were conducted by applying either a constant rate of 

loading (load controlled) or a constant rate of displacement (displacement controlled). 

Asphalt 

binder 

between 

two 

substrates 
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Three different loading rates were used for most of the load controlled tests (0.1 N/s, 0.5 

N/s and 1 N/s) while displacement was recorded at 10 data points per second as the test 

progressed. Two different displacement rates were used for the displacement controlled 

tests (10 µm/minute and 100 µm/minute) while the corresponding load was recorded at 

10 data points per second. The loading and displacement rates were selected after trial 

and error to obtain a range that would allow recording the test data with adequate 

sensitivity while producing results that had a significant effect of loading rate or mode. 

Table 2.1 presents the matrix of tests conducted for this study. 

 

Binder Control mode Loading rate 
Aspect 

ratio 

PG 64-16 

 

 

Load controlled 

0.1 N/s 

10 

20 

40 

60 

80 

0.5 N/s 40 

1.0 N/s 40 

Displacement controlled 
10 µm/minute 40 

100 µm/minute 40 

PG 67-22 

Load controlled 

0.1 N/s 40 

0.5 N/s 40 

1.0 N/s 40 

Displacement controlled 
10 µm/minute 40 

100 µm/minute 40 

Table 2.1: Test matrix to evaluate tensile strength of confined asphalt films. 
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In addition to the tensile strength tests, the linear viscoelastic properties of the 

selected binders were also needed in order to transform the measured variables using the 

modified correspondence principle as per Equation 2.13. The creep compliance of the 

asphalt binder was measured in shear as well as in direct tension. The measurements in 

shear were carried out using a Dynamic Shear Rheometer (DSR) by applying a step shear 

stress of 1 kPa for 20 seconds and measuring the shear strain and recovery for a total of 

1000 seconds. Such creep recovery cycles were applied on at least three replicate 

specimens at the test temperature. The rising time in the DSR for these measurements 

was less than 0.0001 seconds. The creep compliance as well as the relaxation in direct 

tension were measured using the tension-compression dynamic mechanical analyzer. In 

principle only one of the two (creep compliance or relaxation modulus) is necessary to 

obtain the linear viscoelastic properties of the binder. However, the two properties were 

measured on purpose to introduce redundancy and verify the linear viscoelastic response 

of the material. Figure 2.6 presents the creep compliance of the two binders in tension at 

the test temperature of 20C at the center of thin film. 
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Figure 2.6: Creep compliance of the two asphalt binders at 20C. 

2.5. RESULTS AND ANALYSIS 

2.5.1. Repeatability 

All tests in this study were conducted using at least and in most cases three 

different replicate test specimens. The test equipment was tuned so that the commanded 

load control or displacement control rates were achieved with less than 0.1% variation. 

Figure 2.7 and Figure 2.8 illustrate typical data for different replicate specimens for the 

measured normal force versus time and the measured displacement versus time for the 

displacement controlled and the load controlled modes, respectively. The data from 

different replicates were averaged and fit using a smoothing function for further analysis. 
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Figure 2.7: Typical force versus time data for replicate specimens tested using constant 

rate of displacement

 

Figure 2.8: Typical displacement versus time data for replicate specimens tested using 

constant rate of force. 
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2.5.2. Results From Load and Displacement Controlled Tests 

As discussed in the previous sections and described in Table 2.1, tensile tests 

were conducted on two different grades of asphalt binders at different rates and modes of 

loading at 20C. Figure 2.9 and Figure 2.10 illustrate the results from these tests for the 

PG 64-16 and PG 67-22 binders, respectively. 

 

 

Figure 2.9:  Typical nominal tensile stress versus strain curves for the PG 64-16 binder 

obtained at different rates of loading and displacement with an aspect ratio 

of 40. 
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Figure 2.10:  Typical nominal tensile stress versus strain curves for the PG 67-22 binder 

obtained at different rates of loading and displacement with an aspect ratio 

of 40. 

As a viscoelastic material asphalt binder shows higher stress with increasing 

loading rate at any given strain level. For example, for load controlled tests, at 2% strain, 

both binders show the highest stress at the highest loading rate of 1 N/s loading rate and 

the lowest stress at the lowest loading rate of 0.1 N/s. This is consistent with previous 

results of Majidzadeh and Herrin (1965) and Masad et al. (2010). One of the objectives of 

this study was to find a characteristic stress-strain relationship that is independent of the 

loading rate. For this purpose, the axial stress and strain were transformed to the pseudo 

elastic domain according to Schapery’s modified correspondence principle (Schapery 

1984). Figure 2.11 and Figure 2.12 present the pseudo-stress versus pseudo-strain for the 

two binders used in this study. As can be seen from both figures, unlike stress vs. strain 

curves Figure 2.9 and Figure 2.10 the pseudostress vs pseudostrain curves for different 

loading rates and modes collapse on each other independent of loading rates and modes 
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until approximately 0.8 to 1% strain. Beyond this strain level, the pseudo-stress versus 

pseudo-strain curves start to diverge for different modes of loading. Therefore, this strain 

limit (approximately 0.9% for PG 64-16 and 0.8% for PG 67-22) can be treated as the 

limit at which the material is no longer linear viscoelastic and/or experiences rate 

dependent damage evolution. 

 

 

Figure 2.11: Pseudostress versus pseudostrain curves for the PG 64-16 binder evaluated 

using different rates of loading and displacement with an aspect ratio of 40. 
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Figure 2.12: Pseudostress versus pseudostrain curves for the PG 67-22 binder evaluated 

using different rates of loading and displacement with an aspect ratio of 40. 

The following analysis was carried out in order to determine this limit in a more 

systematic manner. The coefficient of variation between the stress or pseudo-stress 

corresponding to different rates and modes of loading was computed at each strain or 

pseudo-strain respectively. Figure 2.13 and Figure 2.14 present these results for the two 

binders. As seen from the figures, CV of stress curves for both materials are reasonably 

higher than that of pseudostress curves supporting the idea of collapsing of pseudostress 

rate curves in linear viscoelastic range. For this study, the point of inflection in the CV 

versus strain curve was determined and defined as the limit of linear viscoelastic response 

and onset of nonlinearity and/or damage. This limit was 0.9% and 0.8% for material PG 

64-16 and 67-22 binders, respectively. 
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Figure 2.13: Variation in stress versus strain and pseudostress versus pseudostrain for the 

PG 64-16 binder evaluated using different rates and modes of loading at an 

aspect ratio of 40. 

 

Figure 2.14: Variation in stress versus strain and pseudostress versus pseudostrain for the 

PG 64-16 binder evaluated using different rates and modes of loading at an 

aspect ratio of 40. 
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A comparison of Figure 2.9 and Figure 2.10 to Figure 2.11 and Figure 2.12, 

respectively, clearly demonstrates that the modified correspondence principles can be 

used to explain the rate dependent differences in the mechanical response of the binder up 

to a certain extent (1% strain). However, at higher strain levels, non-linearity and/or 

damage evolution results in rate and mode dependent pseudostress-pseudostrain behavior. 

To this end, the VECD model was used to determine whether or not the rate 

dependent behavior beyond the limiting strain (of approximately 1%) can be unified for 

different modes and rates of loading to obtain a characteristic rate and mode independent 

material behavior. Equation 2.19 was used to compile the evolution of damage for the 

results from different modes and rates of loading. The pseudo-stiffness C was normalized 

to unity at the beginning of each test. Note that the state variable S remains 0 until such 

time that the pseudo-stiffness starts decreasing from unity (approximately after 1% 

strain). Figure 2.15 and Figure 2.16 illustrate the resulting C versus S curves for the two 

binders. Each figure presents results for the different modes and rates of loading. In 

Equation 2.19, Lee and Kim (1998) have suggested a value of α as 1+1/m or 1/m 

depending on the mode of loading. Other researchers have suggested selecting any value 

of α that would unify the results from different modes and rates of loading (Kutay et al. 

2008). 

In this study α=1/m resulted in C varsus S curves that were very similar for 

different modes and rates of loading for each of the two binders. However, even better 

results (in terms of a unique C versus S for each binder) were obtained when the value of 

α was adjusted to 1.9 for binder PG 67-22. It must be noted that α is merely a material 

constant when damage evolution follows a power law (Equation 2.20). An exponential 
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best fit curve was produced using following equation for the C-S relationship for the two 

binders: 

   (    )   Equation 2.20 

where, a and b are fitting constants. Table 2.2 lists the values a, b and α for two materials. 

All the above experiments were conducted using the same aspect ratio but different 

modes and rates of loading. In the following section the effect of aspect ratio is 

considered. 

 

 

Figure 2.15: Pseudo-stiffness versus state variable for the PG 64-16 binder. 
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Figure 2.16: Pseudo-stiffness versus state variable for the PG 67-22 binder. 

 

Material a b α 

PG 64-16 6.83 0.555 2.57 

PG 67-22 6.7 0.57 1.9 

Table 2.2: VECD coefficients 

2.5.3. Results from Different Aspect Ratios Tests 

The poker chip geometry is a useful technique to create triaxial stress state at 

middle of the specimen. The development of a triaxial stress field is a function of aspect 

ratio and the materials' Poisson’s ratio (Lindsey 1967). In this study, poker chip 

specimens with different aspect ratios were considered in order to achieve a uniform 

triaxial field inside the thin film. Figure 2.17 represents the stress distribution (based on 

Equation 2.2) for various film thicknesses along the normalized radial position. Figure 

2.17 illustrates that the stress distribution is more uniform for higher aspect ratios 
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resulting in a true triaxial tensile stress state. Tensile failure in confined films under such 

a state of stress is likely to occur in the form of cavitation (Cristiano et al. 2010; Lindsey 

1967). It is reasonable to expect that as long as a uniform triaxial state of stress is 

achieved, the mode of failure (cavitation) and maximum tensile stress in the specimen 

should not change (e.g. specimens with aspect ratios 40, 60, and 80). However, as the 

aspect ratio is decreased the stresses become non-uniform across the cross-section of the 

specimen. For example, for the aspect ratios of 10 and 20, hydrostatic stress is achieved 

only well within the interior of the specimen and away from the edges. Consequently, 

tensile failure due to cavitation only occurs in these parts of the specimen. Figure 2.18 

depicts the fracture surfaces of the test specimens with different aspect ratios. As 

expected, specimens with high aspect ratios (40, 60, and 80) had failure due to cavitation 

that occurred uniformly throughout the cross-section of the specimen. Also, the 

specimens with low aspect ratios (10 and 20) had non-uniform failure across the cross-

section, with cavitation occurring only in the middle of the specimen. 

Figure 2.19 illustrates the nominal vertical stress-strain curves for the different 

aspect ratios. Note that the stress-strain relationship for high aspect ratio (40, 60, and 80) 

are similar, as expected based on the state of internal stress from Figure 2.18. However, 

the nominal vertical stress is not the true maximum vertical stress within the specimen. 

Figure 2.20 compares the true vertical stress within the specimen at 1% strain for 

different aspect ratios as computed using Equation 2.2. Results from Figure 2.20 indicate 

that the stress in the specimen is similar for different aspect ratios, as long as the aspect 

ratio is high enough to create a uniform state of stress in the binder. 
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Figure 2.17:  Stress distribution radially across the poker chip specimen for different 

aspect ratios. 

 

Figure 2.18: Failure surface of asphalt binders at different aspect ratios. 
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Figure 2.19: Nominal stress-strain graphs at different aspect ratios. 

 

Figure 2.20: Vertical stress at 1% strain for the same binder at different aspect ratios. 
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2.5. CONCLUSIONS 

The objectives of this research were to investigate failure properties of thin 

confined asphalt films and to explain the rate dependent failure for different modes and 

rates of loading and as well as film thicknesses. The following conclusions are drawn 

based on the results from this study: 

1. The use of modified correspondence principles can unify and explain the rate 

dependent response of the binder up to approximately 1% strain, where the binder 

reaches its linear viscoelastic limit. 

2. For the two binders used in this study, non-linearity and/or damage set is beyond 

the aforementioned strain limit. The rate dependency in the pseudo-stress versus 

pseudo-strain behavior beyond this limit can be explained and unified by 

assuming that a state variable representing damage follows a power-law type 

evolution (Equation 2.20). Use of the VECD model based on this assumption was 

used to demonstrate that the decrease in pseudo-stiffness C was a unique function 

of the increase in state variable S for different modes and rates of loading. 

3. When thin confined films of binder are subjected to tensile stresses, failure 

initiates and propagates in form of cavitation. 

4. The tensile stress and mode of failure for thin films is similar irrespective of the 

actual film thickness, as long as the aspect ratio of the test specimen was high 

(greater than 40). 
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Chapter 3: Effect of Chemical Composition of Asphalt Binder on 

Rheology and Mechanical Properties 

3.1. OVERVIEW 

Asphalt binder imparts most of its characteristics to the asphalt concrete mixture 

and also dictates several forms of distresses in asphalt mixtures and pavements. The 

chemical makeup of the asphalt binder dictates its rheological and mechanical properties. 

The objective of this study was to investigate the effect of the relative concentration of 

different polar fractions on the rheology and tensile strength of asphalt binders. Two 

different binders were separated into four (SARA) fractions based on their polarity.  The 

fractions were individually doped in the original binder to produce four derivative binders 

from each of the two parent binders. Dynamic shear moduli and tensile strengths of the 

asphalt binders were measured using a dynamic a shear rheometer (DSR) and a tension-

compression machine, respectively. The results show that an increase in the concentration 

of polar fractions resulted in an increase in both the stiffness and tensile strength of the 

binder. Addition of more polar fractions resulted in a substantial increase in stiffness at 

lower frequencies of loading but this increase was not as substantial at higher frequencies 

of loading. Observation of the failure surfaces from the poker-chip test also revealed that 

binders with higher polar fractions that had higher stiffness and tensile strength also had 

higher number and smaller size cavities that resulted in crack nucleation and failure. The 

findings from this study can help better understand the behavior of aged and chemically 

modified asphalt binders and also engineer better performing binders for pavement 

applications. 
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3.2. INTRODUCTION AND BACKGROUND 

Asphalt binder, also known as bitumen, is a residue obtained from the distillation 

of crude oil and an important component of asphalt concrete mixture. The mechanical 

properties of asphalt binder are dependent on the time/rate of loading, temperature and 

age. Asphalt binder imparts most of its characteristics to the asphalt concrete mixture and 

also dictates several forms of distresses in asphalt mixtures and pavements. Hence, it is 

very important (but not sufficient) to ensure that asphalt binders used in the production of 

asphalt mixes are inherently resistant to cracking, rutting and other distresses that a 

pavement may undergo. Binders with inherently superior performance characteristics or 

durability can be produced by one or more means depending on the economics of 

production (e.g. blending binders from different crude stocks, using specific refining 

processes such as, air blowing, and using chemical or polymer modifiers). In addition to 

asphalt binder production, binders may also be modified using chemical or polymer 

additives during the production of asphalt mixtures with or without reclaimed asphalt 

pavements (e.g. use of chemical modifiers or rejuvenators). Improving the durability of 

asphalt binders during refining or using post-production techniques and additives requires 

a better understanding of the relationship between the chemical makeup of an asphalt 

binder and its performance. 

Asphalt binders have a very complex chemical composition. Asphalt binders 

mostly comprise carbon (82-88%) and hydrogen atoms (8-11%) and one or more 

heteroatoms of nitrogen, sulfur, and oxygen; the heteroatoms, although small in 

percentage, are important because they impart polarity to the asphalt binders (Lesueur 

2009; Petersen 1984; Read and Whiteoak 2003; Speight 1999). Moreover, the chemical 

composition of any particular asphalt binder also depends on the source of the crude oil 
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and refining process used (Ishai et al. 1993). Due to the complex and diverse structures of 

the individual molecules that make up an asphalt binder, it is not feasible to model the 

exact chemical composition of the binder and its relationship with engineering properties. 

A more practical approach to understand the relation between chemical makeup and 

engineering properties of asphalt binders is to classify the chemical composition of 

asphalt binder based on different attributes rather than to identify the exact structure of all 

the molecules in any given binder. The commonly used attributes are molecular size, 

ionic character (acid, base, amphoteric) and polarity. Of these attributes, polarity of 

asphalt molecules has been found to be relatively more useful in understanding the 

relationship between binder chemistry and rheology (Lesueur 2009; Pfeiffer and Saal 

1940; Saal and Labout 1940; Speight 1999). 

The polar fractions in any given asphalt binder are typically classified into two 

groups, asphaltenes and maltenes. Maltenes are further separated by elution-adsorption 

liquid chromatography into saturates, aromatics, and resins (ASTM D4124-09 2009; 

Corbett 1969). The separated fractions (Saturates, Aromatics, Resins, and Asphaltenes) 

are often referred to by their acronym SARA. Saturates have the least polarity and 

asphaltenes have the highest polarity; the polarity of aromatics and resins lie in between 

these two extremes. 

The relationship between polar fractions of different asphalt binders to their 

physical (e.g. viscosity) and engineering properties (e.g. complex modulus) have been 

extensively studied by several researchers over the past five decades. For example, 

Corbett (1969) demonstrated that saturates and aromatics impart soft or plasticizing 

properties, whereas resins and asphaltenes contribute to the stiffness of asphalt. Dealy 

(1979) studied rheological properties of oil sand bitumen by changing the amount of 
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asphaltenes and maltenes. His results showed a significant increase in viscosity of the oil 

sand bitumen with the addition of asphaltenes and a reduction in viscosity with the 

addition of maltenes. Robertson (1991) studied the chemical composition of asphalt 

binder at the molecular level. He reported that polarity was the most important indicator 

of asphalt properties; he found that the polar molecules contributed to the elastic part of 

the binders’ viscoelastic response while the non-polar contributed to the viscous part of 

the viscoelastic response. More recently, Robertson et al. (2001) conducted an elaborate 

investigation of the relationship between binder chemistry and its physical properties. 

They reported that the viscosity of asphalt binder was significantly affected by the source 

and relative amounts of asphaltenes and maltenes. Similar to Dealy (1979), they also 

reported that in comparison to a reference binder, the binder with a higher amount of 

asphaltenes showed much higher viscosity, and the binder with a higher amount of 

maltenes showed less viscosity. 

Michalica et al. (2008) investigated chemical and physical properties of two 

asphalts from different sources (Urals, Russia and Cold Lake, Canada). Besides the 

amount of chemical components, they identified other factors, such as “chemical 

structure, polarity, molecular weight, and their mutual interaction” that control the 

asphalts’ behavior. They found that the binder with lower asphaltenes content (Ural 

asphalt) was more stiff and brittle at lower temperature than the binder with higher 

asphaltenes content asphalt (Lake asphalt). The results of Michalica et al. (2008) 

combined with the results from other researchers present an interesting finding. First, it 

appears that the stiffness of the binder cannot be globally related to merely the 

asphaltenes or maltenes content because these fractions may have different properties 

depending on the source of the binder. Also, it appears that in some cases, relatively 
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higher asphaltenes content does not necessarily imply increased stiffness or toughness 

(particularly at low temperatures). In fact, similar findings will be demonstrated in the 

latter part of this study.   

Some researchers have tried to investigate the micro structure of different 

molecular species or morphology of the asphalt binder as a means to better understand 

the relationship between binder chemical composition and its engineering properties. 

Loeber et al. (1996) studied asphalt microstructure using scanning electron microscopy 

(SEM) and atomic force microscopy (AFM). They were perhaps amongst the first 

researchers to report a dispersed phase in the microstructure called the “bee” structure. 

They assessed that the presence of asphaltenes is responsible for this kind of structure. 

Pauli et al. (2001) also investigated the relationship between asphalt microstructure and 

chemical composition. They proposed that the “bee” structures were present in asphalt 

binders with high asphaltenes content. In subsequent work, Pauli et al. (2011) 

hypothesized that the structures were due to the presence of waxes or aliphatic chains in 

the asphalt binders. The “bee” structures along with other material phases were observed 

by Masson et al. (2006, 2007) and Jager et al. (2004). Masson et al. used phase detection 

microscopy (PDM) to observe asphalt microstructure and defined material phases as 

“catana”, “peri”, “para” and “sal”. They suggested that catana phase represented bee 

structure (asphaltenes) which was surrounded by periphase (resins and aromatics); 

periphase was further surrounded by paraphrase (saturates). They also observed each para 

phase contained sal phase, which was of the lowest molecular-weight amorphous alkanes. 

Allen et al. (2012) studied the micro-rheology of these phases using AFM before and 

after oxidative aging of different binders. Allen et al. (2014) evaluated these phases for 

asphalt binders with varying concentrations of the different polar fractions. They 
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observed that oxidative aging increased the area of catana phase. This finding was 

consistent with the results from previous studies (Lin et al. 1995; Petersen 1984). Allen et 

al. (2014) also reported that the concentration of different polar fractions had a significant 

influence on the size, distribution and micro-rheology of the different phases.  

In summary, previous studies strongly support the idea that the amount and 

characteristics of chemical fractions significantly affect the rheological and mechanical 

properties of asphalt binder; however, to date there has been limited work done to 

understand the influence of these fractions on the mechanical properties of asphalt binder. 

In particular, there are very limited studies that quantify the influence of individual polar 

fractions on the properties of binder that are directly related to distresses (e.g. tensile 

strength).  

The objective of this study was to investigate the effects of chemical composition 

based on SARA fractions on the rheology and tensile strength of a specially designed set 

of asphalt binders. Section 3.3 of this chapter presents the materials and experimental 

testing that were used to achieve the objectives of this study. Section 3.4 presents the 

results and discussion; conclusions are presented in Section 3.5. 

3.3. MATERIALS AND EXPERIMENTAL TESTING 

3.3.1. Materials 

3.3.1.1. SARA Fractionation 

The main objective of this study was to systematically and quantitatively evaluate 

the influence of chemical fractions (based on polarity) on the mechanical properties of 

the binder. To achieve this, it was necessary to select or produce a set of asphalt binders 

with carefully controlled distributions of the SARA fractions. The authors recognize that 
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the SARA fractions classify molecules within the binder into four discrete groups based 

on somewhat arbitrary cutoffs, whereas in reality, asphalt molecules are more likely to 

follow a continuous distribution of polarity. Despite being a simplification of reality, such 

discretization allows researchers to better understand the relationship between the 

chemical composition and performance of asphalt binders. 

Two asphalt binders (PG 64-16 and PG 67-22) were selected for SARA 

fractionation and laboratory testing. Each asphalt binder was separated into four fractions 

according to ASTM D4124-09 (2009). According to this method, that is briefly described 

in this section, asphalt binder is separated into saturates, aromatics, resins, and 

asphaltenes based on the differences in solubility in organic solvents with varying 

degrees of polarity. In this study, the selected asphalt binder was first dissolved in iso-

octane and the undissolved asphaltenes were separated using a fritted glass funnel. The 

dissolved maltenes (saturates, aromatics and resins) were removed from iso-octane using 

a rotary evaporator. In the second step, the maltenes were dissolved in n-heptane and 

passed through activated alumina packed in a glass chromatography column. N-heptane 

was the first solvent to pass through the column to elute saturates. Toluene and 50-50 

blend of toluene and methanol were passed through the column to elute aromatics; 

finally, trichloroethylene was used to collect resins from the column. Eluted fractions 

were removed from the respective solvents using a rotary evaporator. Figure 3.1 shows 

laboratory setup for SARA fractionation. 
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Figure 3.1: Laboratory setup for SARA fractionation: chromatography column setup at 

the top and rotary evaporator and reflux apparatus at the bottom. 

3.3.1.2. Derivative Binders 

Four derivatives or doped binders were obtained by adding each one of the four 

fractions to the original binder. The amount of each fraction added was such that the 

Asphaltenes

s 
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percentage of that fraction increased by approximately 34% relative to the other fractions 

in the original binder. Note that the absolute percentage of each fraction is important. 

However, the percentage of each fraction relative to the other three fractions is also 

important for the overall stability of the binder. Therefore, doping of any one fraction was 

done so that the percentage of that fraction increased by approximately 34% relative to 

the other fractions in the original binder. For example, the amount of saturates in the 

parent PG 64-16 binder was 14.5% by weight of the binder. However, in comparison to 

the other three fractions, saturates were 0.8, 0.58, and 0.34 times the amount of 

asphaltenes, resins and aromatics, respectively. By spiking the saturates in the so called 

saturates doped binder, the saturates were now 1.07, 0.78 and 0.46 times the amount of 

the aromatics, resins, and asphaltenes, respectively, which represents a 34% increase with 

respect to each fraction. Also, note that the relative proportions of the other three 

fractions do not change. This approach was used to produce aromatics, resins, and 

asphaltenes doped binders for each one of the two parent binders.  Table 3.1 represents 

the distribution of individual fractions in the parent and doped binders.  Figure 3.2 and 

Figure 3.3 illustrate the relative distribution of the different doped binders compared to 

the original binder.  
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Binders Fractions Percentage of fractions 

Parent 

binder 

Saturates 

doped 

Aromatics 

doped 

Resins 

doped 

Asphaltenes 

doped 

PG 64-16 Asphaltenes 18.2 17.4 15.9 16.8 23.0 

Resins 24.8 23.6 21.6 30.7 23.3 

Aromatics 42.7 40.7 50.0 39.4 40.2 

Saturates 14.5 18.6 12.7 13.4 13.7 

PG 67-22 Asphaltenes 21.8 20.8 19.2 20.5 26.6 

Resins 19.6 18.8 17.3 24.2 18.4 

Aromatics 43.0 41.1 49.6 40.5 40.3 

Saturates 15.1 18.8 13.3 14.2 14.1 

Table 3.1: Percentage of fractions in the binder specimens. 
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Figure 3.2: Relative distribution of SARA fraction doped binder compared to the parent 

binder for PG 64-16. 

 

Figure 3.3: Relative distribution of SARA fraction doped binder compared to the parent 

binder for PG 67-22. 
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3.3.2. Laboratory Testing 

The objective of this study was to quantitatively investigate the influence of 

chemical composition on the rheological properties and tensile strength of asphalt 

binders. To achieve this, temperature-frequency sweep tests in shear and tensile strength 

tests were conducted in the laboratory on the parent and derivative binders. The data 

obtained from these tests were analyzed to evaluate the effects of chemical composition. 

3.3.2.1. Temperature-Frequency Sweep Tests in Shear 

Dynamic shear moduli of the asphalt binders were measured to determine their 

viscoelastic properties using a dynamic shear rheometer (DSR). Asphalt binders were 

tested at 5, 25 and 50
o
C and the loading frequencies at each temperature were varied from 

25 to 0.01 Hz in 35 equal steps on a log scale between these two extreme values. The 

parallel plate geometry was used to conduct these tests, where the top plate was subjected 

to rotation and the bottom plate was kept fixed. An 8-mm diameter plate was used for all 

these tests with a specimen thickness of 2 mm. Specimen preparation and placement 

procedure were very similar to the procedure followed for Performance Grade testing of 

asphalt binders. At each test temperature the specimen was allowed to rest for 10 minutes 

to achieve thermal equilibrium. Figure 3.4 shows the laboratory setup to measure 

dynamic shear modulus using DSR.  
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Figure 3.4: Asphalt binder specimen in DSR. 

3.3.2.2. Tensile Strength Tests 

Tensile tests of the binders were conducted using a tension-compression machine 

and a poker chip geometry as described in section 2.4. The poker chip geometry provides 

a more realistic representation of the state of stress that the asphalt binder or mastic 

experiences within an asphalt mixture (Harvey and Cebon 2003, 2005; Majidzadeh and 

Herrin 1965; Poulikakos and Partl 2011; Sultana et al. 2014). Previous studies (Lindsey 

1967; Majidzadeh and Herrin 1965) also showed that an increase in the aspect ratio of the 

test specimen resulted in an increase in the tensile strength of the specimen. In this 
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context, the aspect ratio is defined as the ratio of the diameter to the thickness of the test 

specimen. However, Sultana et al. (2014) observed that when the aspect ratios were 

higher than about 40, the stress distribution within the test specimen becomes more 

uniform resulting in tensile failure across the entire specimen cross-section.  Based on the 

results from previous studies and in order to achieve a uniform stress distribution within 

the film, an aspect ratio of 40 was used in this study.  The metal substrates were 14.6 mm 

in diameter; to achieve an aspect ratio of 40 with this diameter, a specimen thickness of 

365 microns was used. The tensile tests were conducted by applying monotonically 

increasing loads at rates of 0.1 and 0.5 N/s. Figure 2.5 shows the laboratory setup for 

tensile strength test using poker chip geometry. 

3.4. RESULT AND DISCUSSION 

3.4.1. Frequency Sweep Test Results 

Measurements from the temperature-frequency sweep tests were used to construct 

master curves for the binders. A master curve provides the relationship between stiffness 

and reduced frequency; the reduced frequency is in turn obtained by developing a 

relationship between the test temperature and the horizontal shift of data at different 

frequencies from different temperatures. In this case, data from the three different test 

temperatures were horizontally shifted to form a single smooth curve at 25C reference 

temperature. The master curve was fit using the sigmoidal function as: 

 

   |  |    
 

   
(      (

 
 

))

 
Equation 3.1 

Here, ω is reduced frequency, δ, α, β, and γ are the shape parameters.  
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Figure 3.5 and Figure 3.6 compare the dynamic modulus of the binders at 

different loading frequencies for the two PG binders and the four derivatives of each 

binder. As can be seen from the figures, at a given loading frequency, the asphaltenes and 

resins doped binders showed higher moduli while the saturates and aromatics doped 

binder showed lower moduli compared to the modulus of parent binder. In other words, 

for both binders, an increase in the amount and strength of polarity of the molecular 

species resulted in a systematic increase in the complex modulus and vice-versa. These 

results are consistent with the findings from previous (Corbett 1969; Petersen 1984; 

Robertson et al. 2001) that have suggested that an increase in polarity results in an 

increase in association and consequently higher stiffness. 

As expected, an increase in the percentage of polar fraction resulted in an increase 

in the complex shear modulus. However, an interesting observation from these 

comparisons is that the increase in complex modulus of binders with higher polar 

fractions (i.e. approximately 30% more resins or asphaltenes) at higher frequencies (or 

lower temperatures) was not in the same proportion compared to the increase at lower 

frequencies (or higher temperatures).  Figure 3.7 and Figure 3.8 represent the normalized 

master curve modulus of all binders when compared to parent binder over a range of 

reduced frequencies. The modulus increase at the lower temperature / high frequency 

compared to the increase at high temperature / low frequency was less for the asphaltenes 

doped binder compared to other binders. In fact, in Figure 3.7 for the PG 64-16 binder, 

the increase in stiffness of asphaltenes doped binder at lower temperature and high 

frequency was only 10% while at higher temperature and low frequency the stiffness was 

about 300% compared to the parent binder. In other words, an increase in asphaltenes 

content may result in improved high temperature properties without any significant 
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increase in stiffness at low temperature. Figure 3. 9 and Figure 3. 10 shows the 

normalized G
*
Sinδ with reference to parent binder to include the effect of phase angle.  

Figure 3.11 and Figure 3.12 compare this scenario at two extremes test conditions 

combinations (i.e. at 5C & 25 Hz  and 50C & 0.01Hz) compared to parent binders. As 

can be seen from the figures, the asphaltenes doped binders show much higher stiffness at 

50 C and 0.01 Hz compared to parent binder, while this increase is not that significant at 

5C and 25 Hz. An investigation on the shift factor of the derivative binder’s master was 

also conducted to observe the susceptibility of the frequency sweep graphs. Figure 3. 13 

and Figure 3. 14 represent the plot of the normalized slope of log(shift factor) vs 

temperature graph. The figures show that the presence of polarity increases the slope of 

the shift factor-temperature graph, which indirectly indicate the less sensitivity at low 

temperature and high sensitivity at higher temperature. This scenario has been shown in 

Figure 3.15 and Figure 3.16. The figures compare the normalized shift factor with respect 

to parent binder at two extreme temperatures. From the figures, it is seen that at low 

temperature (5C) the shift factor of the frequency sweep graph of asphaltenes doped 

binder is less than that of other binders, whereas the shift factor for asphaltenes doped 

binder compared to other binders is higher at high temperature (50C). This also implies 

that the modulus increase at the lower temperature compared to the increase at high 

temperature was less for the asphaltenes doped binder compared to other binders. 

Although it is not possible to make a direct comparison, these results are also 

somewhat consistent with the observation by Michalica (2008) who reported that one of 

the binders with relatively higher asphaltenes content demonstrated relatively lower 

stiffness at lower temperatures.  
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In practice, asphalt binders are neither produced nor modified by adding 

“asphaltenes” or “resins”. However, processes such as air blowing or oxidative aging as 

in case of RAP (recycled asphalt pavement) do result in an increase in polar fractions at 

the expense of resins and aromatics (Robertson 1991; Robertson et al. 2001; Stangl et al. 

2006).  The findings from this and similar studies can be used to explain the observed 

changes in the stiffness of such binders or expected changes in the stiffness of binders 

with chemical agents such as rejuvenators that tend to change the balance of the different 

polar fractions within the binder. 

 

 

Figure 3.5: Frequency sweep test results for the parent binders and their derivatives for 

PG 64-16. 
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Figure 3.6: Frequency sweep test results for the parent binders and their derivatives for 

PG 67-22. 

 

Figure 3.7:  Normalized master curve modulus with reference to parent binder for PG 64-

16.   

1.00E+01

1.00E+03

1.00E+05

1.00E+07

1.00E+09

1.00E-05 1.00E-03 1.00E-01 1.00E+01 1.00E+03

ΙG
*
Ι 

(P
a

) 

Frequency (Hz) 

Asphaltenes doped
Resins doped
Parent asphalt
Aromatics doped
Saturates doped

0

0.5

1

1.5

2

2.5

3

3.5

0.0001 0.01 1 100 10000

N
o

rm
al

iz
ed

 M
as

te
r 

C
u
rv

e 
M

o
d

u
lu

s 
w

.r
. 

to
 

P
ar

en
t 

B
in

d
er

 

Frequency (Hz) 

Asphaltenes doped
Resins doped
Parent Asphalt
Aromatics doped
Saturates doped



 

55 

 

 

Figure 3.8: Normalized master curve modulus with reference to parent binder for PG 67-

22.  

 

Figure 3. 9: Normalized G
*
Sinδ with reference to parent binder for PG 64-16.   
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Figure 3. 10: Normalized G
*
Sinδ with reference to parent binder for PG 67-22.  

 

Figure 3.11: Ratio of modulus with reference to parent binder for PG 64-16. 
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Figure 3.12: Ratio of modulus with reference to parent binder for PG 67-22. 

 

Figure 3. 13: Plot of the normalized slope of the log(shift factor) vs temperature 

relationship with reference to parent binder for PG 64-16. 
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Figure 3. 14: Plot of the normalized slope of the log(shift factor) vs temperature 

relationship with reference to parent binder for PG 67-22. 

 

Figure 3.15: Normalized shift factor with reference to parent binder for PG 64-16. 
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Figure 3.16: Normalized shift factor with reference to parent binder for PG 67-22. 

3.4.2. Tensile Strength Test Results 

The aforementioned results quantitatively reflect the changes in the stiffness of 

the binder as a function of the different polar fractions. However, a more interesting 

attribute to evaluate is the influence of the concentration of different polar fractions on 

the tensile strength of the binder. Figure 3.17 illustrates a typical stress-strain relationship 

obtained from conducting the tension tests using the poker-chip geometry. The maximum 

tensile stress obtained from these tests was regarded as the tensile strength of the binder.  

At least 3 replicates tests were conducted for each binder type and each rate of loading. 

Figure 3.18 and Figure 3.19 compare the normalized tensile strength of the doped 

binders with respect to that of the parent binder for the loading rate of 0.1 N/s. The 

Figures show that the binders spiked with asphaltenes or resins exhibit higher tensile 

strength than that of the parent binder, whereas the binders spiked with saturates or 

aromatics exhibit lower tensile strength. For example, the asphaltenes doped binder in 
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Figure 3.18 shows about 30% more tensile strength than the parent binder. This 

phenomenon is consistent with the results from higher rate of loading (Figure 3.20 and 

Figure 3.21). It can be established from Figure 3.5 through Figure 3.6 and Figure 3.18 

through Figure 3.21 that the presence of more polar fractions (asphaltenes or resins) is 

responsible for not only increasing the stiffness but also the tensile strength of the binder.  

Typically in the evaluation of asphalt binders, high stiffness at intermediate to low 

temperatures is considered as symptomatic of increased susceptibility to fatigue or low 

temperature cracking. However, both stiffness and strength of a material must be 

considered while evaluating its resistance to these distresses. The results from this study 

clearly show that an increase in polar fractions resulted in an increase in both stiffness 

and tensile strength of the binder (and vice-versa). As a practical example on the 

implication of these results, consider the aging of asphalt mixtures or design of asphalt 

mixtures with reclaimed asphalt pavement (RAP) that contains significantly aged binder. 

While oxidative aging or the use of RAP render asphalt mixtures to be relatively stiffer, 

these mixtures may also be more resistant to tensile failure. Conversely, addition of softer 

and less polar materials may allow the material to relax faster but possibly at the expense 

of loss in tensile strength. Some of the results reported by Arega et al. (2013) also 

indirectly corroborate these findings. Arega et al. (2013) compared the fatigue cracking 

resistance of two different asphalt composites (sand-asphalt mortar) before and after 

simulated long term aging at 60°C for 30 days. They reported that in all cases, although 

the stiffness of the composites increased after aging, the fatigue cracking life had also 

increased under similar loading conditions.  The results from this study also demonstrate 

that the use of rheological tests alone without considering the strength of the material can 

yield misleading results, especially when used in the context of evaluating the use of 
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recycled binders (with higher polar fractions) or additives used to promote the use of such 

binders.  

 

 

Figure 3.17: Typical stress-strain graph from tension test. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 1 2 3 4 5

S
tr

es
s 

(M
P

a)
 

Strain 



 

62 

 

 

Figure 3.18: Tensile stress test results for loading rate of 0.1 N/s for PG 64-16. 

 

Figure 3.19: Tensile stress test results for loading rate of 0.1 N/s for PG 67-22. 
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Figure 3.20: Tensile stress test results for loading rate of 0.5 N/s for PG 64-16. 

 

Figure 3.21: Tensile stress test results for loading rate of 0.5 N/s for PG 67-22. 
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tension test. Several researchers in the area of polymer sciences have reported that tensile 

failure in a soft adhesive confined between relatively rigid surfaces typically nucleates in 

the form of cavitation (Cristiano et al. 2010; Gent and Lindley 1959; Gent and Tompkins 

1969; Lin and Hui 2004; Lopez-Pamies et al. 2011). In the context of asphalt mixtures, 

the asphalt binder (or mastic) is a soft adhesive confined between aggregate particles with 

much higher stiffness. The intent of using the poker-chip geometry was to replicate this 

stress state in a more controlled setup. The failure surface from these tests (as shown 

later) do in fact clearly show evidence of cavitation as the source of damage nucleation.   

The phenomenon of cavitation for crack or damage nucleation has been more 

carefully studied in other areas. Cavitation may occur from the sudden growth of pre-

existing defects (Gent and Lindley 1959) or from a non-smooth bifurcation in an initially 

defect-free material (Ball 1982). The size and distribution of such cavities are also an 

indicator of the toughness of a material (Cristiano et al. 2010; Lin and Hui 2004). In their 

study, Cristiano et al. (2010) reported that for a tough material subjected to a hydrostatic 

stress, the first crack appeared but stopped growing and several cracks occurred when the 

tensile stress was further increased; thus tough materials tend to form higher number of 

cavities resulting in higher tensile strength.  

Figure 3.22 and Figure 3.23 depict the failure surfaces of the poker-chip test 

specimen immediately after failure from the tensile strength test. The figure clearly 

shows the formation of cavities that have led to ultimate failure of the test specimen. As 

can be seen from the figures, the number of cavities are higher for asphaltenes and resins 

doped binder and less for the saturates and resins doped binder compared to the parent 

binder. Although results for only one replicate of one of the binders are shown in this 

figure, the observation was consistent for both binders and all replicates. 
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Figure 3.22: Fracture surfaces of the doped binders and parent binder for 0.1 N/s. 

 

Figure 3.23: Fracture surfaces of the doped binders and parent binder for 0.5 N/s. 
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The number and size of cavities changed consistently with the tensile strength of 

the binder, i.e., the binder with the highest tensile strength also had the highest number of 

cavities with the smallest size. Another observation from this study was that the number 

and size of cavities were consistent for both rates of loading. This indirectly suggests that 

the apparent material stiffness may not necessarily be related to the type of cavities. 

Future studies should focus on a more rigorous evaluation of the formation of cavities 

(e.g. by conducting tests at equal stiffness temperature). 

3.4. CONCLUSIONS 

The objective of this study was to investigate the effect of chemical composition 

on the rheology and tensile strength of asphalt binders. To achieve this, two different 

binders were separated into four (SARA) fractions based on their polarity. The fractions 

were doped in the original binder to produce four derivative binders from each parent 

binder. Each derivative binder had approximately one-third more of one of the polar 

fractions relative to the other three fractions. The following conclusions can be made 

based on the measurement of rheological properties and tensile strengths of these binders: 

1. An increase in the concentration of polar fractions resulted in an increase in the 

stiffness of the binder, and vice-versa. This was expected based on earlier studies 

that suggest that polar fractions tend to associate more and increase material 

stiffness.   

2. The change in the stiffness of the binder measured as complex shear modulus 

(i.e., increase with polar fractions or decrease with less polar fractions) was 

dependent on the polarity of the fraction and frequency of loading. Addition of 

less polar fractions resulted in a more or less uniform reduction in stiffness at all 

frequencies of loading. However, addition of more polar fractions resulted in a 
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substantial increase in stiffness at lower frequencies of loading but this increase 

was not as substantial at higher frequencies of loading. This suggests that 

processes (e.g. oxidation or air blowing) may have a more significant impact on 

the stiffness at high temperature / low rate of loading without significantly 

influencing the properties at low temperatures / higher rates of loading. Similarly, 

other processes or modifiers (e.g. addition of softer materials or rejuvenators) may 

result in a more or less uniform decrease in stiffness across the frequency 

spectrum.   

3. An increase in the polar fractions of the binder also resulted in an increase in the 

tensile strength of the binder. Binders with higher percentages of resins and 

asphaltenes had not only higher stiffness compared to other binders but also had a 

higher tensile strength. Similarly, binders with higher percentages of saturates and 

aromatics had not only lower stiffness but also lower tensile strength. These 

results suggest that it may be potentially misleading to evaluate the performance 

of asphalt binders, especially binders with recycled or aged binder or binders with 

rejuvenators, solely on the basis of stiffness or rheological tests without 

considering the strength of the material.  

4. Observation of the failure surfaces from the poker-chip test also revealed that 

binders with higher polar fractions that had higher stiffness and tensile strength 

also had typically higher number and smaller size cavities that result in crack 

nucleation and failure.  

While this study made preliminary investigations on the relationship between 

different chemical fractions and the stiffness and tensile strength of asphalt binders, 

further work is required to evaluate the individual properties of each fraction, differences 
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in these properties from different crude sources, and performance of resulting asphalt 

binders at different rates of loading and temperatures. Assimilating more information in 

this area can eventually lead to a knowledge base that can be used to better engineer 

asphalt binders and asphalt binder modifiers. 
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Chapter 4:  Composite Model for Asphalt Binder  

4.1. OVERVIEW 

Selection and use of an asphalt binder that is capable of resisting environmental 

and traffic loads for any given application is necessary (but not sufficient) to ensure the 

durability and longevity of asphalt pavement. In addition, significant improvements in the 

durability and life-cycle cost of asphalt mixtures and pavements can be made by 

engineering and producing binders with superior performing characteristics. The 

objective of this part of the study was to investigate the feasibility of using composite 

models to predict the mechanical properties of the asphalt binder based on the properties 

of its constituents. To conduct this preliminary investigation, binder PG 64-16 was 

selected and separated into its constituents (asphaltenes and maltenes). The dynamic 

modulus of maltenes was measured using a dynamic shear rheometer; however, the 

dynamic modulus of asphaltenes could not be measured due to its granular form at room 

temperature. Different models were studied for the suitability to predict the properties of 

the binder based on its constituents. However, due to the high ratio of the modulus 

between asphaltenes and maltenes, it was shown that most of these models were not 

appropriate for the intended application. It was found that the rule of mixture could be 

used with reasonable accuracy to predict the dynamic modulus of the asphalt binder 

based on the properties of asphaltenes and maltenes. This research can serve as a starting 

point for extensive work in this area that clearly has several benefits in terms of being 

able to design asphalt binders with superior performing characteristics based on the 

properties of crude stocks.  
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4.2. INTRODUCTION 

Asphalt binder imparts most of its characteristics (e.g. time / rate, temperature and 

age dependent properties) to the asphalt concrete mixture. The characteristics of an 

asphalt binder dictate several forms of distress in asphalt mixtures and pavements. For 

example, since the asphalt mixture relies completely on the asphalt binder to resist tensile 

stresses, distresses such as fatigue cracking are directly related to the inherent tensile 

strength of the asphalt binder. Similarly, asphalt pavements rely exclusively on the ability 

of the asphalt binder to relax the thermal stresses developed within a pavement section 

during a cooling event as the temperature of the pavement drops. Even in the case of 

distresses such as rutting or permanent deformation, the ability of the asphalt binder to 

resist plastic deformation dictates the overall performance of the asphalt mixture.  

However, in this last example, the aggregate structure and particle to particle interlock is 

just as important.  Selection and use of an asphalt binder that is capable of resisting 

environmental and traffic loads for any given application is necessary (but not sufficient) 

to ensure the durability and longevity of asphalt pavement. In addition, significant 

improvements in the durability and life-cycle cost of asphalt mixtures and pavements can 

be made by engineering and producing binders with superior performing characteristics. 

Research investigating the relationship between the chemical composition of 

asphalt binder and its rheology and mechanical properties was discussed in Chapter 3.  In 

order to establish this relationship, the original binder was separated into its constituents 

based on the SARA fraction and finally the fractions were individually doped in the 

original binders to produce four derivative binders. This part of the research was 

conducted to investigate the use of composite models in order to predict the properties of 

the binder based on the properties of its constituent chemical fractions. The ultimate goal, 
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of which this research is just the start, is to be able to develop a database of properties of 

constituent chemical fractions from different crude stocks and use this database to 

determine optimal blends of crude stocks that will result in superior performing asphalt 

binders.  As a start, this chapter presents a summary from the review of the literature on 

the use of composite models and conducts a limited demonstration to evaluate the 

efficacy of selecting few models.  

4.3. BACKGROUND 

4.3.1. Asphalt Binder as a Composite 

Composite materials are those that contain two or more components and/or 

phases. These types of materials are heterogeneous on a microscopic scale and possess 

physical properties that are very different than those of homogeneous material (Lakes 

2009). Composite materials are used to improve some of the properties of the 

homogeneous materials, such as stiffness, toughness, heat conductivity, mechanical 

damping.  

In the context of the design of asphalt mixtures or other asphalt composites, the 

binder is treated as a homogenous viscoelastic solid. However, in the context of 

designing or engineering the binder itself, the following section presents arguments to 

indicate that the asphalt binder can be treated as a composite in itself. Specifically, a 

review of the literature summarized below reveals that asphalt binders have distinct 

microstructural features that depend on the chemical composition of the binder.  

Two schools of thought have emerged from the literature. The first school of 

thought is that the different molecular species in an asphalt binder are homogenously 

dispersed within the asphalt binder. In this case, the binder cannot be treated as a 
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composite but is rather a homogenous mixture of different chemical species. The second 

and contrasting possibility is that different molecular species agglomerate to form well 

defined structural entities within the binder. The first possibility is referred to as the 

dispersed fluid model and the latter is referred to as the colloidal model. The idea that 

molecular species with different polarities co-exist in the asphalt binder in the form of a 

colloid dates back to late 40's and 60's (Eilers 1949; Traxler 1961). These early models 

proposed that asphaltenes floated in the form of micelles within a matrix of maltenes. 

During the last decade significant experimental evidence has emerged to support the 

colloidal model. For example, results based on small angle x-ray scattering (SAXS) and 

small angles neutron scattering (SANS) indicate that asphaltenes tend to agglomerate and 

form micelles in asphalt binders as well as other organic solvents.   

A more recent body of experimental work that is being used to investigate the 

microstructure of asphalt binders is based on the use of the Atomic Force Microscopy 

(AFM). Unlike an optical (or electron) microscope, the AFM scans the surface of a test 

specimen by “feeling” the surface of a test specimen using a very sharp conical or 

spherical tip attached to the end of a cantilever. The end of the tip is only a few 

nanometers in size and the cantilever it is attached to is no more than a one or two 

millimeters. By moving the tip over the test surface, it is possible to obtain a profile of 

the surface and also by estimating the friction between the tip and the surface, it is 

possible to identify whether the material underneath the tip has changed. The latter 

produces phase images highlighting the heterogeneities on the surface of the test material. 

Typical AFM images have a spatial resolution of a few nanometers over an image size of 

approximately 25x25 to 50x50 micrometers. Loeber et al. (1996) were perhaps the first to 

identify the existence of two or more phases in the asphalt binder using the AFM. They 
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labeled the discrete phases as “bee-structures” based on their peculiar shape. In more 

general terms, typical phases observed using the AFM in an asphalt binder are referred to 

as the catanaphase, periphase and paraphrase. The presence of these phases has been 

confirmed by several independent research groups.  Masson and co-workers (2006) 

suggested that the catanaphase represented asphaltenes in the asphalt binders. In another 

study, the micro-rheology of the different phases observed using the AFM before and 

after oxidative aging of different binders was evaluated and compared (Allen et al. 2012). 

Results showed that (1) oxidative aging increased the size and frequency of the 

catanaphase and (2) the catanaphase and periphase were much stiffer than the paraphase.  

Other studies have established that oxidative aging increases the percentage of 

asphaltenes through the oxidation and concomitant decrease in the concentration of resins 

and aromatics (Lin et al. 1995; Petersen 1984; Petersen et al. 1993). This information in 

conjunction with the AFM results suggests that the catanaphase may be related to the 

presence of asphaltenes. Other studies related to the use of the AFM were conducted by 

different derivative asphalt binders that were produced by doping the original binder with 

each one of the four chemical fractions (SARA) (Allen et al. 2013). Figure 4.1 clearly 

illustrates the microstructure of the asphalt binder as a function of its chemical 

composition. 
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Figure 4.1: The microstructure of the asphalt binder as a function of its chemical 

composition (Allen 2013). 

In summary, a review of the literature suggests that the asphalt binder is a 

colloidal mixture that has a microstructure that is dictated by its chemical composition.  

Also, as a starting point for the purpose of this research it is considered that the 

asphaltenes fraction can be considered as the dispersed phase in a matrix of maltenes.  

Based on this assumption, the subsequent sections of this chapter will present a review of 

the models used in the literature to predict the properties of two component composites 

and also attempt to use a simple model to predict the properties of the binder. 
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4.3.2. Analytical Models to Predict Composite Properties 

The most straightforward and commonly used method to estimate the elastic and 

viscoelastic properties of a composite is based on an approach termed as the rule of 

mixtures or inverse rule of mixtures. The rule of mixture assumes that the strains in each 

phase are equal whereas, the inverse rule of mixture assumes that the stresses in each 

phase are equal as shown in Equation 4.1 and Equation 4.2, respectively. Equation 4.1 

and Equation 4.2 represent the formulas to predict the composite properties for rule of 

mixture and inverse rule of mixture, respectively. 

  
    

      
    Equation 4.1 

 

  
 
 

  

  
  

  

  
  

Equation 4.2 

here G is dynamic modulus and V is volume fraction of the phase in composite. Subscript 

c, 1 and 2 refer to the composite, phase 1 and phase 2, respectively. 

Composite materials may be divided into three general classes (Nielson and 

Landel 1993): 1) particle-filled composite, 2) fiber-filled composite, and 3) skeletal or 

interpenetrating network composite. As discussed in the previous section, based on the 

colloidal asphalt model, asphaltenes exist as a dispersed phase in the maltenes matrix 

(Dunn et al. 2000). Hence, in the context of this research, the asphalt binder can be 

considered similar to a particle-filled composite. 

This section presents a summary of the literature on the several different models 

in the literature that have been used to determine the properties of particle-filled 

composites. Einstein (1906) was amongst the first few researchers who investigated a 

suspended small sphere in a Newtonian liquid. He established a relationship between the 
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effective flow properties of the solid suspension and the properties of its constituents. He 

reported that the distance of the particle from its initial position is a function of time. 

Einstein’s work seemed to be a convenient starting point for other early studies on 

suspensions. 

Einstein’s work was extended by Taylor (1932) for the viscosity of a fluid 

containing small drops of another fluid in suspension. The difference between solid and 

liquid drops was that the liquid drops’ boundary conditions were not known. Therefore, 

Taylor made the assumption that the surface tension of the drop was strong enough to 

keep the drops spherical. He developed a relationship for the ratio (r) of stress that acted 

on the sphere to the surface tension stress as a function of shear rate G, suspending fluid 

viscosity μ, sphere radius ɑ, and surface tension T: 

  
   

 
 

Equation 4.3 

Frohlich and Sack (1946) investigated a suspension that showed elastic recovery 

in a Newtonian fluid. They defined the flow of this type of suspension by deriving a set 

of fundamental differential equations; they also correlated the parameters of these 

differential equations to the structural properties of a representative material. Most 

importantly, the representative material they chose was “sol” type asphalt binder as 

described by Pfeiffer and Saal (1940). In their study, Frohlich and Sack assumed that the 

volume fraction of the spheres is much smaller than the fluid and the both the spheres and 

the fluids are incompressible and isotropic. They also modified and applied Einstein’s 

(1906) findings. After solving differential equations, they defined the tensile strain of the 

substance in terms of elastic and viscous strain: 
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Equation 4.6 

Here, k is the magnitude of applied and removal stress at t = 0 and t = t, respectively, 
*
 

is the effective viscosity of the system and τ is relaxation time. They developed the 

relationship for tensile stress S11 as: 

    
     

  
  

 
      

   
              Equation 4.7 

Frohlich and Sack also compared their results with the experimental mechanical 

properties of asphalt obtained by Lethersich (1942). Their result was consistent in the 

long-term extension but in the short-term extension there was an additional recovery.  

Oldroyd (1953) extended Taylor’s (1932) work on the viscosity of a fluid drops in 

another fluid using the elastic approach proposed by Frohlich and Sack (1946). He found 

that fluid containing small drops of another fluid in suspension exhibit some degree of 

elasticity due to the interfacial tension between the two phases. According to his study, 

the inclusion of third emulsion (stabilizer) to improve stability of the system by reducing 

the interfacial tension. He proposed that the interfacial slip resulted from the inclusion of 
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the emulsion would not affect the elastic behavior. He also anticipated that addition of the 

stabilizer would affect the value of rheological constant.  

Until about 1960, works on the dispersed particles composites were mostly on the 

understanding of the flow, elasticity, viscosity and interaction of suspension and fluid 

matrix.  Hashin (1962) was one of the first few researchers who considered individual 

properties of the composite constituents to predict overall properties of the composites. 

He studied the elastic inclusions in an elastic fluid to determine the effective elastic 

moduli of the heterogeneous materials. He derived the bounds for the effective bulk 

modulus and shear modulus of the composite. The expression for the bulk modulus was: 
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 Equation 4.8 

where Kp, Km and K are the bulk modulus of particles, matrix and composite, 

respectively, νm is the Poisson’s coefficient of the matrix and c is the volume fraction of 

the particles. Hashin approximated K1= K2= K as the upper and lower bounds of the bulk 

modulus coincided for the given condition; where K1 and K2 are the lower and upper 

bound of the bulk modulus, respectively. The expression of the shear modulus, G was: 
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 Equation 4.9 

here G1  G  G2. 

Christensen (1969) extended Hashin’s (1962) work to predict effective 

mechanical properties of composite viscoelastic media. He reproduced Equation 4.8 and 
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Equation 4.9 for effective complex modulus of a viscoelastic material using 

correspondence principle (Hashin 1965) as: 
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 Equation 4.11 

here asterisk referred to as viscoelastic properties.  

Palierne (1990) investigated linear rheology of an emulsion of incompressible 

viscoelastic materials. He presented an expression of dynamic modulus of the emulsion at 

arbitrary concentration and polydispersity of the inclusions in terms of concentration and 

radius of the inclusions, surface tension, surface modulus and complex shear modulus of 

the inclusions and the matrix. Considering uniform particle size and ignoring surface 

modulus, Palierne’s expression can be simplified as: 
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 Equation 4.12 
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here  I is concentration of the inclusion, α
0
 is surface tension, R is radius of the particle, 

and G
*
,G

*
I and G

*
M are dynamic shear modulus of the emulsion, inclusions and matrix, 

respectively. 

Similar to Palierne’s (1990), Bousmina (1999) derived an expression for the 

complex shear modulus for an emulsion of two viscoelastic fluids. The main difference 

between these two models were that Bousmina treated the interface of the inclusion 

differently. Bousmina considered the interface as three-region system and analyzed the 

circulation of fluid inside the inclusion drop. The outcomes from both the models were 

quantitatively similar. Bousmina’s expression for dynamic shear modulus was: 
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 Equation 4.13 

here   is concentration of the inclusion, α is surface tension, R is radius of the particle 

drop, and G
*
b,G

*
d and G

*
m are dynamic shear modulus of the emulsion, dispersed particle 

and matrix, respectively. 

In recent years, several researchers (Hussein and Williams 2004; Novikov and 

Friedrich 2005; Yee et al. 2007) used or modified the above discussed models for 

particular materials. 

4.4. MATERIALS AND LABORATORY TESTING 

The objective of this study was to develop a composite model for the asphalt 

binder based on a colloidal system. For this purpose, a parent asphalt binder (PG 64-16) 

was selected and separated into asphaltenes and maltenes according to ASTM D4124-09 

(2009). The method of separation has been discussed in Section 3.3.1.1. The composition 

of the binder was verified by the test data of the derivative binders of PG 64-16. A 
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detailed description of the procedure to obtain the derivative binders has been presented 

in section 3.3.1.2. Table 4.1 presents the percentages of the constituents in the parent 

binder and in the doped binders. 

 

Binder 
Percentage of constituents 

Asphaltenes Maltenes 

Parent binder 18.2 81.8 

Asphaltenes doped 23 77 

Resins doped 16.8 83.2 

Aromatics doped 15.9 84.1 

Saturates doped 17.4 82.6 

Table 4.1: Percentage of the constituents in the binder specimens 

It was necessary to determine the mechanical properties of the composite 

constituents to develop and demonstrate the efficacy of a composite model of asphalt 

binder.  Initially, effort was given to measure the dynamic modulus of parent binder and 

its asphaltenes and maltenes fractions as well as the four derivative binders. Dynamic 

shear moduli of the parent binder and its maltenes, as well as the dynamic shear moduli 

of the four derivative binders, were measured using the DSR. However, the shear moduli 

of the asphaltene fraction could not be measured at room temperature since this fraction 

was in the form of granules. Attempts were made to prepare samples of the asphaltene by 

dissolving it in a polar solvent, casting the asphaltene in the form of a cylindrical test 

specimen and then degassing the solvent. However, the test specimens prepared using 

this procedure were extremely brittle and crumbled to powder during handling. As a 
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result, it was decided to back calculate the properties of the asphaltene using an 

appropriate composite model and then use this back calculated value for forward 

prediction of a binder with similar composition but different fractions.   

The parent binder, four derivative binders, and the maltenes fraction from the 

parent binder were tested at 25C and the loading frequencies were varied from 10 to 

0.001 Hz in 21 equal steps on a log scale between these two extreme values. The parallel 

plate geometry was used to conduct these tests, where the top plate was subjected to 

rotation and the bottom plate was kept fixed. A 8-mm-diameter plate was used for all 

these tests with a specimen thickness of 2 mm. Specimen preparation and placement 

procedure was very similar to the procedure followed for Performance Grade testing of 

asphalt binders as summarized here. The plates were fixed in the appropriate location in 

the DSR and heated to approximately 60C. A sample of the asphalt binder or maltenes 

fraction was gently heated until it could be mixed and tended to flow and cylindrical 

specimen is prepared using a silicone mold. A sample of the test material was then placed 

on the bottom plate and the top plate was lowered to a gap of 2.05 mm. The sample was 

then trimmed from the sides. The top plate was then again lowered to the final gap or 

specimen thickness of 2 mm. The specimen was allowed to rest for 10 minutes at desired 

temperature to achieve thermal equilibrium. Figure 3.4 shows the laboratory setup to 

conduct shear test using DSR. 

4.5. TEST RESULTS AND DISCUSSION 

Measurements from frequency sweep tests were used to develop and verify the 

composite model of asphalt binder. Next section provides a discussion on the 

applicability of different composite models for use to predict the properties of an asphalt 

binder. 
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4.5.1. Applicability of Existing Composite Models 

Christensen’s (1969) viscoelastic model is widely used to determine the modulus 

of particle-filled composites. Asphalt binder can be considered as a colloidal system of 

asphaltenes and maltenes where asphaltenes particles are dispersed in maltenes matrix. 

Therefore, Equation 4.11 was considered for developing composite model for asphalt 

binder system. For simplicity, the right side of Equation 4.11 was considered as a 

function of the ratio of dynamic modulus of dispersed particles and matrix for a constant 

poisson’s ratio and concentration of particles: 

  

  
 

    (
  

 

  
 
) 

 Equation 4.14 

Equation 4.14 was evaluated for different values of G
*
p/G

*
m. Figure 4.2 represents the 

G
*
/G

*
m vs G

*
p/G

*
m plot. As can be seen from the figure that G

*
/G

*
m ratio only increases 

until the value G
*
p/G

*
m is about 10 for the known concentration of asphaltenes of 18.2%. 

After this ratio, G
*
/G

*
m becomes asymptotic. However, from the measured dynamic 

modulus of PG 64-16 and its maltenes, the ratio of the modulus of parent and maltenes 

(G
*
/G

*
m) was observed to be as high as 200; the anticipated ratio of the modulus of 

aspaltenes and maltenes (G
*
p/G

*
m) will be at least order to orders of magnitude higher 

than the value of 200. Hence, Christensen’s composite model was not considered to be 

suitable to predict the properties of the asphalt binder based on the properties of the 

asphaltenes and maltenes. 
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Figure 4.2: G
*
/G

*
m vs. G

*
p/G

*
m graph evaluated from Equation 4.11. 

Palierne’s (1990) model was also evaluated for the use in the asphalt binder. If the 

interfacial tension, α is se equal to zero Equation 4.12 can written as: 
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Note that as a part of this research, the surface tension of each fraction was also measured 

using a non-polar and a polar liquid. Based on preliminary results, it appears that the 

interfacial tension between the different chemical fractions is small and therefore the 

above assumption for the purposes of this preliminary parametric analysis is not entirely 

unreasonable. Equation 4.15 was plotted in Figure 4.3 for different values of G
*
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*
m. 
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on G
*
d/G

*
m. Therefore, Palierne’s model was also not considered to be suitable for 

asphalt binder, at least based on the colloidal model approach undertaken for this study. 

 

 

Figure 4.3: G
*
b/G

*
m vs. G

*
p/G

*
m graph evaluated from Equation 4.15. 

Finally, the rule of mixture (Equation 4.1) was considered for the purposes of 

predicting binder properties.  The use of this model is presented in the next section. 

4.5.2. Composite Model for Asphalt Binder 

The objective of this study was to investigate whether a composite model 

approach could be used to predict the properties of an asphalt binder based on the 
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want to measure the dynamic modulus of asphaltenes and maltenes in the laboratory, use 
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not be measured experimentally. Therefore, for this study the general approach that was 

used is as follows. The dynamic modulus of the asphaltenes was back calculated using 

the measured properties of the original binder and the maltenes. The properties of the 

asphaltenes so obtained would then be used with the measured properties of the maltenes 

to predict the properties of the asphaltene doped binder. The predicted properties would 

then be compared to the measured properties to evaluate the efficacy of the approach.  

Following the above approach, the dynamic modulus of asphaltenes was 

calculated using Equation 4.1 from the known values of parent asphalt and its maltenes. 

Figure 4.4 shows the back calculated dynamic modulus of asphaltenes along with the 

measured dynamic modulus of parent binder and maltenes. 

 

 

Figure 4.4: Dynamic modulus vs. frequency graph for asphaltenes, parent binder and 

maltenes 
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modulus of asphaltenes and maltenes is about 97350 at the frequency of 60 rad/s. This 

value (>200) is consistent with the anticipated range in section 4.5.1. 

 Also, as a part of the SARA separation process there was a sample of resins that 

was available.  The complex modulus of this sample of resins was also measured using 

the same procedure as the complex modulus of the binders and maltenes. Figure 4.5 

compares the back calculated complex modulus of the asphaltenes to the measured 

complex modulus of resins. By definition, resins are only slightly less polar compared to 

the polarity of asphaltenes; consequently both resins and asphaltenes are expected to have 

similar levels of molecular association and similar levels of shear stiffness. The 

comparison clearly shows that the asphaltenes and resins have similar levels of stiffness, 

which was as expected. This indirectly supports that the back calculated values for the 

asphaltenes are reasonable. 

 

 

Figure 4.5: Comparison of modulus between back-calculated asphaltenes using Equation 

4.1 and measured resins. 
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One may argue that the Equation 4.2 could have also been used to back calculate 

the properties of the asphaltenes in lieu of Equation 4.1 from the measured properties of 

the binder and maltenes.  However, when Equation 4.2 was used, the resulting properties 

of the asphaltenes were negative, which is not possible. Therefore, Equation 4.1 was 

considered to be a more realistic model for forward and backward estimation of binder 

and its constituent properties, respectively.  

In order to evaluate the efficacy of the model and backcalcuated values, the 

dynamic modulus of asphaltenes (back calculated) and maltenes (measured) were used to 

predict the dynamic modulus of the asphaltenes doped and resin doped binders using the 

rule of mixture (Equation 4.1). These two binders were chosen because of the expected 

similarities in the properties of asphaltenes and resins.  The predicted dynamic moduli 

were then compared with the measured dynamic moduli of the derivative binders. Figure 

4.6 and Figure 4.7 show the predicted and measured dynamic moduli for asphaltenes 

doped and resins doped binder, respectively. 

As can be seen from Figure 4.6 the predicted values are in good agreement with 

the experimental value for asphaltenes doped binder. However, the deviation between the 

predicted and experimentally measured value was higher at lower frequencies than at the 

higher frequencies. One of the possible reasons for this deviation is the reduction of 

viscosity at lower frequencies, which the rule of mixture was unable to predict. Similar 

phenomena were observed for the resins doped binder. A very good agreement between 

predicted and measured value was observed for resins doped binder in Figure 4.7. 
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Figure 4.6: Dynamic modulus vs. frequency graph for asphaltenes doped binder. 

 

Figure 4.7: Dynamic modulus vs. frequency graph for resins doped binder. 
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In addition to the asphaltene and resin doped binders, the model was also used to 

predict the properties of the aromatics and saturate doped binders. Note that these two 

binders have the lighter fractions (aromatics and saturates) in higher concentration within 

the maltene fraction. As a result, the stiffness of the maltenes should also be different and 

lower for these two binders. Despite this limitation, the measured values for the maltenes 

from the original binder (that had lower fraction of aromatics and saturates and 

consequently higher stiffness than expected) were used with the model. Figure 4.8 and 

Figure 4.9 illustrate comparison of the predicted to the measured values for the aromatics 

and saturates doped binder, respectively.  As expected, the predicted modulus was higher 

for the aromatics doped binder and more so for the saturates doped binder. Although, 

quantitatively the predictions cannot be used to validate the applicability of the rule of 

mixtures (Equation 4.1), qualitatively these results support the proposed methodology.  

 

 

Figure 4.8: Dynamic modulus vs. frequency graph for aromatics doped binder. 
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Figure 4.9: Dynamic modulus vs. frequency graph for saturates doped binder. 

4.5. CONCLUSIONS 
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It was found that the rule of mixture could be used with reasonable accuracy to 

predict the dynamic modulus of the asphalt binder based on the properties of asphaltenes 

and maltenes. Results from the model were compared to the measured properties of two 

other modified binders with different volume fractions of the constituent materials.  

Comparison of the results demonstrated the efficacy of using the proposed approach to 

predict properties of the asphalt binder. Qualitative comparisons of model predictions 

with measurements with two other doped binders with higher concentrations of aromatics 

and saturates also yielded results as expected.  

This research conducted only a preliminary investigation on the feasibility of 

using component properties to predict the properties of the binder, which is treated as a 

composite. This research can serve as a starting point for extensive work in this area that 

clearly has several benefits in terms of being able to design asphalt binders with superior 

performing characteristics based on the properties of crude stocks. The findings from this 

research can also be used in combination with reaction kinetics to predict the expected 

properties of binders as a result of oxidative aging. 
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Chapter 5:  Conclusions and Future Research 

5.1. SUMMARY 

Fatigue cracking of asphalt mixtures is one of the most prevalent distresses that 

results in reduced service life, poor ride quality and expensive repair costs. The inherent 

ability of the asphalt binder to resist cracking plays a very important role in the overall 

durability of the asphalt mixture. There are two major areas of improvement in the 

current state of the art that can lead to design and use of binders with superior cracking 

resistant. First, there is a need for an accurate and reliable test method and metrics to 

evaluate and screen binders based on their inherent cracking resistance. Second, there is a 

need to develop a better understanding between binder chemistry and its performance; 

this knowledge can be used to design better and superior performing binders. 

Current binder test methods and specifications (AASHTO M-320) that are to 

evaluate binder resistance to fatigue cracking are based on the stiffness of the binder and 

not on its tensile strength. Also, measurements following current specifications are made 

on test specimens subjected a uniaxial mode of loading that does not produce the same 

stress state in the binder as in the case of asphalt concrete while subjected to wheel 

loading. In the context of being able to engineer or design an inherently superior 

performing asphalt binder, the major challenge is that chemical composition of asphalt 

binder depends on the source and refining process of crude oil. In summary, there is a 

need to better quantify the inherent tensile strength of asphalt binder and understand the 

relationship between the chemical composition of asphalt binders and its mechanical 

properties.  

To achieve the goals of this research, laboratory tests were performed on binders 

of different grades using a poker chip geometry to simulate confined state by varying the 
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film thickness, rate of loading and modes of loading. To study the chemical properties of 

asphalt binder, two different binders were separated into four (SARA) fractions based on 

their polarity. The fractions were individually doped in the original binder to produce 

four derivative binders from each of the two parent binders. Dynamic shear moduli and 

tensile strengths of the asphalt binders were measured using a dynamic shear rheometer 

(DSR) and a tension-compression machine, respectively. Finally, in order to predict the 

properties of the binder based on the properties of its constituent chemical fractions, a 

model was developed based on the rule of mixtures.   

5.2. MAJOR FINDINGS 

Major findings of this research project are summarized in the following 

subsections. 

5.2.1. Tensile Strength of Asphalt Binder 

A tensile strength test was developed to evaluate the asphalt binders. The test 

involved using a poker chip geometry that was capable of subjecting the test specimen to 

a state of stress that was similar to what the asphalt binder would experience in an asphalt 

concrete mixture. The tensile strength of different binders were evaluated using different 

modes of loading, rates of loading and confinement conditions (aspect ratios). Results 

were analyzed using models for linear viscosity as well as a continuum damage modeling 

approach. The following is a summary of results from this effort. 

1. The modified correspondence principles can be used to unify and explain the rate 

dependent response of the binder up to approximately 1% strain, where the binder 

reaches its linear viscoelastic limit. The rate dependency in the pseudo-stress 

versus pseudo-strain behavior beyond this limit can be explained and unified by 
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assuming that a state variable representing damage follows a power-law type 

evolution. The viscoelastic continuum damage (VECD) model based on this 

assumption was used to demonstrate that for a given binder, the decrease in 

pseudo-stiffness C was a unique function of the increase in state variable S for 

different modes and rates of loading. 

2. When thin confined films of binder are subjected to tensile stresses, failure 

initiates and propagates in the form of cavitation. This form of damage nucleation 

and growth is relatively less explored in the context of asphalt binders and 

mixtures although it has been investigated in more detail in other areas such as 

polymer adhesives. 

3. The tensile stress and mode of failure for thin films is similar irrespective of the 

actual film thickness, as long as the aspect ratio of the test specimen was high 

(greater than 40). 

5.2.2. Effect of Chemical Composition of Asphalt Binder on Rheology and 

Mechanical Properties 

Two different asphalt binders were separated into their chemical fractions based 

on their polarity. These fractions were recombined with the original binder to produce 

doped or derivative binders. The following are the findings based on the evaluation of the 

original and derivative asphalt binders. 

1. An increase in the concentration of polar fractions resulted in an increase in the 

stiffness of the binder, and vice-versa. The change in the stiffness of the binder 

measured as complex shear modulus (i.e., increase with polar fractions or 

decrease with less polar fractions) was dependent on the polarity of the fraction 

and frequency of loading. Addition of less polar fractions resulted in a more or 
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less uniform reduction in stiffness at all frequencies of loading. However, addition 

of more polar fractions resulted in a substantial increase in stiffness at lower 

frequencies of loading but this increase was not as substantial at higher 

frequencies of loading.  

2. An increase in the polar fractions of the binder also resulted in an increase in the 

tensile strength of the binder. Binders with higher percentages of resins and 

asphaltenes had not only higher stiffness compared to other binders but also had a 

higher tensile strength. Similarly, binders with higher percentages of saturates and 

aromatics had not only lower stiffness but also lower tensile strength.  

3. Observation of the failure surfaces from the poker-chip test also revealed that 

binders with higher polar fractions that had higher stiffness and tensile strength 

also had typically higher number and smaller size cavities that result in crack 

nucleation and failure. Crack nucleation in the form of cavities is a subject that 

must be investigated further in more detail in future studies. 

5.2.3. Composite Model for Asphalt Binder 

The final part of this research was to conduct preliminary investigation into the 

feasibility of using composite models to predict the properties of the binders based on the 

properties of its chemical fractions. The following are some of the findings from theses 

preliminary investigations in which the asphalt binder was assumed to be a composite of 

asphaltenes dispersed in a matrix of maltenes. 

1. Due to the high ratio of the modulus of asphaltenes and maltenes, it was found 

that most of the available models to predict the properties of viscoelastic materials 

were not appropriate for the application on asphalt binder. 
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2. It was found that the rule of mixture could be used with reasonable accuracy to 

predict the dynamic modulus of the asphalt binder based on the properties of 

asphaltenes and maltenes. 

5.3. MAJOR CONTRIBUTIONS 

This research program investigated the tensile strength of asphalt binder under 

hydrostatic stress state, the effect of chemical composition of asphalt binder on its rheology 

and mechanical properties and different composite models to predict the properties of asphalt 

binder based on its constituents’ properties. The major contributions of this research are as 

follows: 

1. A test and analytical method were developed to evaluate the tensile strength of an 

asphalt binder and provide metrics that are independent of extraneous factors such 

as rate of loading and specimen geometry. The proposed method presents a 

paradigm shift from measuring tensile strength in a more realistic stress state as a 

metric for the cracking resistance of the binder. It is envisioned that the use of this 

method can greatly improve the accuracy with which users and producers of 

asphalt binders can predict the inherent cracking resistance of asphalt binders and 

consequently improve the durability of asphalt mixtures so produced. 

2. This study was perhaps the first of its kind in conducting a systematic 

investigation of the influence of binder chemistry on both stiffness and strength of 

the asphalt binders. The findings from this study reveal that certain chemical 

fractions can increase the stiffness of the binder favorably at different 

temperatures regimes (e.g. higher increases at low frequency or high temperature 

regimes and only marginal increase at high frequency or low temperature 

regimes) and also result in increased tensile strength. While the ability to 
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manipulate the chemistry of an asphalt binder during its production may be 

limited, the findings from this study can be used to i) explain the behavior of aged 

asphalt binders, ii) aid in the design of chemical modifiers and rejuvenators used 

with asphalt mixtures and iii) facilitate in the design of modifiers that can be used 

to produce mixtures with higher percentages of reclaimed asphalt pavement 

materials. 

3. This research provided a starting point to develop composite models for asphalt 

binder. With future development it is anticipated that such models can be used to 

predict the properties of asphalt binder based on its chemical makeup and 

engineer binders or modifiers with superior performing characteristics. 

5.4. FUTURE RESEARCH 

Research extensions that may complement the work performed in this are listed 

below: 

1. To incorporate the effect of temperature during both the tension and shear tests.  

2. To differentiate between the non-linear response from damage in the 

pseudostress-pseudostrain relationship. 

3. To employ the understanding of the relationship between binder chemistry, 

rheology and strength from this study to evaluate the effects of aging and use of 

reclaimed asphalt pavements on the performance of asphalt mixtures. 

4. To conduct a more detailed investigation and development of a composite model 

that can predict the properties of asphalt binder by taking into account the 

properties of the constituents. 
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Appendix A 

Poker Chip Specimen Preparation 

Poker-chip tensile tests are performed using a tension-compression machine. Two 14.6-

mm diameter disc-shaped metal substrates are used as shown in Figure A.1. 

 

 

Figure A.1: Disc-shaped metal substrates. 

The steps involve to create the poker chip test specimens are as follows:  

 Heat the asphalt binder and prepare the sample droplets on silicone molds. Figure 

A.2 shows a sample droplets on a silicone mold. 

 

Figure A.2: Asphalt binder droplets on silicone mold. 
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 Clamp the substrate plates to the loading grips and bring into contact with each 

other until a force of 0.01 N or less is detected. This position is defined as the zero 

gap between the plates. 

 Retract the plates. 

 Heat the lower plate using a micro-flame butane torch to about 70C. Place the 

sample of the asphalt binder on the heated plate. Figure A.3 shows the metal 

substrates in the machine grips and the butane torch that was used to heat the 

substrate. 

 

 

(a)                 (b)  

Figure A.3: (a) Metal substrates in the grip and (b) butane torch 
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 Heat the bottom surface of the top plate using the micro-flame butane torch to 

about 70C and lower the binder sample to squeeze.  

 Lower the upper plate to obtain a thickness that was slightly greater than the 

desired thickness to allow for shrinkage in the binder while it cools.  

 Trim the edge of the binder. Figure A. 4 shows the poker chip specimen. 

 

 

Figure A. 4: Poker chip specimen. 

 Leave the specimen at 20C for temperature conditioning for at least 1-1/2 hours.  

 Bring the residual force to zero and allow ten minutes for the sample to stabilize 

before applying the tensile load.  
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