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Abstract 

Asphalt binders are an important part of flexible pavements. Their properties 

substantially influence pavement performance and durability. This thesis deals with the 

development of better techniques to characterize asphalt binders directly assists in the 

development of bitter flexible pavements. 

Asphalt binders are multiphase micellar systems with a complex internal structure. 

Even though this structure is different from the structure of polymers, the rheological 

behavior of asphalt binders resembles that of low molecular weight polymers. This similarity 

is even stronger when polymer modified asphalt binders are concerned. This, however, does 

not mean that various structural models developed for polymers are applicable to the 

description of the structure of polymer modified asphalt binders (PMA's). 

Conventional asphalt binders as well as PMA' s are materials with high temperature 

sensitivity. This can create problems in the construction of master curves of various material 

functions. It is shown in this thesis that by careful combination of various testing geometries 

the master curves of conventional and polymer modified binders can be constructed. The 

analysis of these material functions shows that the then-no - mechanical behavior of asphalt 

binders can be described by a linear viscoelastic model at the condition of small deformations 

or rates of deformation. The sensitivity of some material functions to the limiting magnitude 

of the strain or the strain rate is much higher in polymer modified binders than in polymers. 

After the successful description of asphalt binders, one has to study the mixtures of 

asphalt binders and mineral aggregates used in hot mix asphalt (HMA). It is shown in this 

thesis that small samples of paving mix can 'be tested in the commercial rheometers, 

originally used for testing asphalt binders. When the deformations of paving mix are kept 

very small (<0.5%) the paving mix can be again described as linear viscoelastic material 

characterized by its relaxation and retardation spectra. Thus, it is shown that the linear 

viscoelastic model for asphalt binders can be extended also to the paving mixes. The 

advantage of such a model is the possibility to estimate theoretically various rheological 
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parameters of the studied materials without sometimes tedious and expensive testing. The 

application of different rheometers originally developed for the testing of asphalt binders to 

characterize paving mixes is investigated and discussed. 
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Asphalt's Soliloquy 

Although with pedigree somewhat mixed, 
And habitation scattered wide, 
My place in civilization is fixed, 
With my virtue and purity tried. 

Engineers are sounding my praise, 
Manufacturers and artists as well, 
The scientist seeks thro' devious ways, 
But pronounces me "clear as a bell." 

I am elastic, vivacious, tenacious, 
Impervious to weather and frost, 
In purity non-imitatious, 
And always worth what I cost. 

W.S. Godwin, Asphalts, Their Sources and Utilization, 1908 
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1 Introduction 

Since the invention of the first modern paved road, paving engineers, scientists 

and technologists have been trying to describe the properties of paving materials. Fifteen 

years ago, the Strategic Highway Research Program (SHRP) was introduced, and since 

then engineers have been continuously revising their expertise in the area of road 

performance in order to be able to detect signs of rutting, low temperature and fatigue 

cracking. Such a process is an ongoing investigation, because of the complexity of the 

various problems connected with the flexible roads. This thesis contributes to the effort in 

the field of material characterization of paving materials. Special attention is given to the 

rheological properties of binders and paving mixes. 

Multitudes of empirical tests were developed and many of them are still in use. 

The results of tests done on penetration and ductility were known since the beginning of 

the last century, but the modern specification procedures, based on binder's performance, 

for low binder temperatures investigation have been in use in North America for only 

twenty years. Currently, there is no consensus on the type of tests to be done or 

specifications that could truly described polymer modified asphalts. It is clear, however, 

that such specifications would have to be based on rheological tests rather than empirical 

methods. Similarly, many agencies still employ the Marshall Mix design procedure and 

stability test, known for more than sixty years. 

An agreement on the internal structure of asphalt binders has not yet been 

reached. It is generally believed that the heaviest parts of asphalt (asphaltenes) are 

surrounded by hydrocarbons of lighter molecular weight (maltenes), which may consist 

of aliphatic or aromatic chains. During the last twenty five years, scientists and engineers 

in North America have been involved in research into polymer modified asphalt, 

concentrating on elastomer and plastomer modifiers. Within the elastomeric group of 

polymers, the compound known as SBS, or styrene - butadiene - styrene, is the most 

prevalent. SBS copolymers consist of block segments of styrene units and butadiene 
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rubber units. Each block segment may consist of many units. The most common form 

used in asphalt modification is a radial SBS type, but linear types are also available. A 

star structure, with more than three polystyrene blocks can be found in radial SBS 

molecules. SBS polymers are physically dispersed in asphalt, but do not chemically react 

with the asphalt. More recently, Elvaloy, a new elastomeric polymer - ethylene - glycidyl 

- acrylate with the chemical designation EGA, was introduced for the purpose of asphalt 

modification. The ethylene polymer consists of an ethylene modified with two types of 

functional groups. A glycidyl group is also present, which gives the polymer its epoxy-

like reactive properties. The reaction with asphalt assures a permanent and uniform 

dispersion that will not separate over time. The typical representative of the plastomer 

modifier is the ethylene - vinyl acetate (EVA). The flexibility and toughness of EVA 

increases with the increasing content of vinyl acetate. 

Asphalt 200/300 pen grade was chosen as the base for the group of binders 

modified by different modifiers (SBS, EVA, EGA) with different polymer 

concentrations. The second group was derived from the first, by artificial ageing in 

Rolling Thin Film Oven (RTFO), in order to simulate binder conditions on the fresh 

paved road. The third group of materials included aggregate filler, with a particle size that 

is smaller than 0.08 mm, and mixed with RTFO aged binders at a ratio 1:1 by mass. This 

substance, called mastic, is part of HMA and covers all coarse and fine aggregates in the 

paving mix. To evaluate base, PMAs, PMAs RTFO aged and mastics, at different 

temperatures, two standard geometries, plate - plate and cone - plate were used, in 

dynamic oscillations at different frequencies and temperatures. The response of asphalt to 

the small amplitude of sinusoidal shear is linear and bituminous materials can be 

considered as thermorheologicaly simple (TRS) i.e. the time temperature superposition 

principle (TTS) can be applied. 

The last material that was tested was the HMA, which was designed in 

accordance with the City of Calgary's Specifications - "B mix for overlays and 

reconstructions", with the nominal aggregate size of 12.5 mm. This type of material, 
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directly taken from the paver, contained already tested RTFO modified asphalt binder. 

HMA samples were sliced into thin pieces (slivers) and used in dynamic (oscillation) 

testing. Because of the nature of HMA (the material is more rigid than viscous), it had to 

be tested in the form of torsion bars in order that the same testing equipment might be 

used. Fixtures for rectangular torsion bars were developed at the University of Calgary. 

Molds for the production of torsion bars were also designed for binders and mastics and 

these samples were successfully tested in low and subzero temperatures with better 

results then previously used geometry. Dynamic functions such as loss and storage 

moduli, complex compliance, complex viscosity and relaxation modulus were measured 

or calculated with the help of IRIS, software via the relaxation and retardation spectra. 

All materials were subjected to relaxation experiments in shear and relaxation moduli arid 

were compared with the calculated ones. The creep compliance was measured in the 

bending beam rheometer. 

This thesis is based on several conference presentations and published papers 

that deal with the dynamic and mechanical properties of binders and paving mixes. It 

summarizes the findings collected during the years that the procedures were being 

developed and the materials tested. The work is divided into five chapters. However, 

although each chapter deals with a specific topic, the common theme of the thesis focuses 

on research into highway paving and the testing of materials, the apparatuses used, and 

the methods employed during the testing. The second chapter, which is the chapter 

following the introduction, deals with asphalt binder specification, the third chapter 

discusses the transitions that occur in asphalt binders and in mastic, and summarizes the 

observations of linear viscoelasticity. The fourth chapter discusses the binder viscosity 

results, and the final chapter puts all the results into the HMA perspective. Each chapter 

includes a paper or papers related to the topic with the title, authors name, affiliation, 

addresses and place and year of publication. Papers were taken from original 

manuscripts, and are justified in their fonts, paper size and line spacing. Figures, tables 

and references remain the same as in the original publications. 
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2 Specifications of Asphalt 

2.1 Introduction to specifications 

Each engineering material requires specification to standardize its use and 

minimum quality requirements. Since asphalt is one of the oldest construction materials, 

it is not surprising to find its first quality requirements in the ancient times. Pliny the 

Elder of Rome at about 100 A.D. makes in his "Naturalis Historia" an interesting 

observation that "Real asphalt must be glossy and black, otherwise it is adulterated with 

pitch" [1]. 

Empirical Asphalt Specifications 

Specifications for asphalt became generally used around 1900. At the beginning 

they were mainly local and broad differences could be found between their requirements. 

For example, in the USA in 1923 there were 88 different penetration limits. In 1926, the 

producers and users agreed on 10 penetration grades of road asphalt. The selected grades 

included asphalts with consistency described by the penetration test between 20 and 200 

dmm. This was the beginning of the system of the classification of asphalt according to 

penetration test (surprisingly, penetration based specifications are still in use in many 

countries). 

In the first half of the twentieth century the classification of asphalts for 

commercial purposes relied exclusively on the system of conventional tests. These 

sometimes were of dubious methodology and their empirical nature did not allow to 

directly relate the results to the performance of asphalts in the construction. Number of 

these tests has been used in asphalt specifications worldwide. In 1960s, more than 30 

tests (sometimes with minor differences) were used for specification purposes with six to 
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15 tests in each specification. Only one test, penetration at 25 °C, was found in all 

specifications and was used as a gradation test. 

Experienced engineers could, with the help of these tests, orientate themselves in 

the use and quality of asphalts, especially when materials of the same origin (crude oil 

source) were repeatedly used. To predict the performance of the new material according 

to these specifications was considerably more difficult. Progress in the research after the 

World War II contrasted more and more with this type of testing and specifying of an 

engineering material. Before we will describe the progress that occurred in the specifying 

of asphalt in the second half of the twentieth century it is necessary to discuss the 

requirements a good asphalt specification has to meet. 

The Purpose of Asphalt Specifications 

Good asphalt specification has to provide an appropriate description of properties 

important for the processing and service performance in manner as simple as possible; it 

must allow tolerance for these properties yet maintain unity. The properties should be 

described in basic, physical units. The selected testing methods should not be overly time 

consuming and should be performed in reasonably simple and rugged equipment [2]. 

Important Properties of Asphalt 

From the point of view of asphalt service performance the important asphalt 

properties can be divided into the following main areas: 

0 Mechanical properties 
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• Adhesive properties 

• Durability 

The mechanical properties of asphalt are considered the most important - they 

directly relate to the mechanical properties of asphalt mixes and asphalt pavement. For 

this reason one of them is used as a criterion for the categorization of asphalts into 

different grades. Mechanical properties of asphalt will be in greater detail discussed 

throughout this entire chapter. 

Adhesive properties are extremely important especially for the medium and long-

term pavement performance. It was often found that pavement failures ascribed to the 

failure of the mechanical properties of paving mixes were in fact caused by debonding of 

asphalt from mineral aggregates as a direct result of the water sensitivity of the paving 

mix - in other words by the insufficient adhesion between asphalt and mineral 

aggregates. Unfortunately, quantification of the adhesive forces between asphalt and 

aggregates, especially quantification by non-empirical tests still largely escapes the 

asphalt technologists and could not even be included into the newest performance related 

asphalt specifications. Since this "property" is actually a relationship between asphalt 

binder and mineral aggregate one may argue that it should rather be included into the 

specification of paving mixes than to the specification of asphalts. 

Durability of asphalt essentially means resistance of asphalt to changes of its 

chemical composition and properties with time. These can happen as result of physical 

changes (evaporation of the light oils) or chemical changes (oxidation and condensation 

reactions in the material). Durability is described in specifications as a mechanical 

change of asphalt with time, or rather after some test that attempts to simulate changes of 

asphalt in real life. There are two groups of these tests: first simulates the changes that 



7 

occur in asphalt during the construction phase - production of paving mix, its 

transportation, spreading and compacting; second try to simulate changes during the 

actual service life of the pavement. 

Critical conditions during construction and service life 

Asphalt used to produce asphalt concrete has to have engineering properties to 

produce paving mix that can be used in pavement construction (i.e. mixing, spreading and 

compacting). The pavement has to resist what is described as the major pavement 

failures: low temperature cracking, fatigue cracking and plastic deformation. Naturally, 

there are other requirements on the asphalt pavement, as moisture resistance, skid 

resisthnce etc., however, as mentioned before, some of these are either function of the 

whole system, or simply at the present time can not be captured in asphalt binder 

specifications. 

The critical conditions for asphalt binders during construction and during 

pavement service life were analyzed by Krom and Dormon [2.Their analysis is still 

mostly valid: 

Construction 

Mixing 

The requirement for asphalt binder is to be sufficiently liquid so that it can be 

thoroughly mixed with the aggregate, yet sufficiently viscous to prevent its flow from the 

paving mix during the transportation. The important property of asphalt binder in this 

phase is its viscosity. 

Spreading 

Spreading of the paving mix seldom causes difficulty when appropriate mixing 

temperatures are chosen. 
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Compacting 

Again, at this phase viscosity of asphalt binder is important. It appears that the 

appropriate viscosity is about 2x1 04 mm2/s. 

Service life 

Plastic deformation 

The permanent deformation of pavement can occur as a result of either dynamic 

or static loading, especially at highest pavement service temperatures. The important 

property of asphalt is its resistance to deformation expressed as viscosity or modulus and 

its capability to contribute to the pavement rebound after deformation. (Beside viscosity 

and shear modulus other parameters have been lately proposed, i.e. zero shear viscosity, 

dynamic creep etc. These parameters are determined at highest service temperatures). 

Bleeding 

Repeated loadings by traffic at high service temperatures can cause further 

compaction of the paving mix. The air voids may decrease to the point that binder is 

pushed to the surface. This may lower the skid resistance of the pavement surface. 

Important property is the viscosity of the binder. 

Low temperature cracking 

The pavement cracks when stresses caused by traffic and/or temperature changes 

surpass the pavement strength 

Stresses caused by traffic: the critical situation occurs at high stiffness of asphalt, 

i.e. at low pavement temperatures or at short loading times. The important property is 

binder stiffness at a loading time of 102 s and at low temperatures. 

Stresses caused by temperature changes: Shrinking of the pavement with the 

temperature decrease causes tensile stresses. Together with the stresses caused by the 

traffic these may surpass the pavement tensile strength and lead to pavement cracking. 

The important property is the stiffness of the binder at the loading time of about 10-2 • 
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(Presently stiffness is considered a surrogate parameter the Tcriticai at which the tensile 

strength of the pavement is surpassed by the thermal stresses is considered a better 

parameter). 

Shoving 

Shoving can occur when small movements of the particles of aggregate caused by 

the traffic create tensile stresses larger than the tensile strength of the binder. In this case, 

however, properties of paving mix are more important than the properties of the asphalt 

binder. Critical conditions for shoving occur at short loading times and low temperatures. 

Critical conditions 

Application Temperature JI C] Loading Time [s] 
Important property 

in paving mix 

Mixing High (well above 
100) 

--- EVT (2 102 mm2s') 
min and max 

Spreading High 

EVT (2 104mm2s) 
min and max 

Compaction High 

Service Life 

Plastic deformation High service 
temperature 

Long Viscosity, modulus 
mm 

Blending High service 
temperature 

Long Viscosity, modulus 
max 

Stresses caused by 
traffic 

Low service 
temperature 

Short (10 2) Stiffness 

Max 

Thermal stresses Low service 
temperature 

Short (10') Stiffness 

Max 

Shoving Low service 
temperature 

Short (10') Stiffness 

Max 

EVT - equiviscous temperature 

Table 2. 1 The critical conditions for asphalt in paving mix according to Krom and Dormon [21 
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It is interesting that the authors did not discuss the fatigue cracking, one of the main 

failure modes of pavement. It is also interesting that even the most advanced 

specifications today, forty years after their analysis were not so far able to provide a good 

parameter to describe the resistance of the asphalt binder to fatigue cracking. The existing 

parameter (G* .sin 6) is not considered appropriate and a better parameter so far has not 

been developed. It is well possible that the authors considered the fatigue resistance the 

property of the paving mix rather than the property of asphalt binder. 

Development of Rational Specifications 

The critical conditions of asphalt in pavement are a good base for the 

development of "performance related", or "rational" specifications [3]. The first 

movement towards "rational" specifications occurred in the second half of the fifties and 

in 1963 Asphalt Institute published the "Study Specification" that was followed in 1965 

by "Research Specification" that is practically identical with the present ASTM viscosity 

specification of asphalt. 

Krom and Dormon on the basis of their analysis of the critical conditions of 

asphalt in pavement suggested their "rational" specification. 

Mechanical Properties Limits 

Viscosity at 60 °C or EVT Min and max 

EVT 2 10"2 min25' or viscosity index 

EVT 2 1 Om2 mi11251 EVT 2 104 min25' 
Min and max 

Stiffiiess at 0 °C (50s) Max 

Stiffness at -10 °C (104s) Max 

Changes in low temperature properties 
after TFOT after the microfilm durability 

test expressed as ratio 
Max 

EVT - equiviscous temperature 

Table 2. 2 Suggested rational specification by Krom and Dormon [21 
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Because the question of pavement durability is of great importance, and the 

resistance of asphalt to aging during the pavement construction and during the service life 

plays an important role all existing and proposed specifications included test for this 

characteristic of asphalt. It was already mentioned that there are two recognizable stages 

of asphalt aging: construction and service life. For both different simulation tests were 

developed. Krom and Dormon suggested to include to the specification both these tests 

done consecutively. Their new specification was proposed in 1965. Even though the idea 

was considered technically sound, it was also considered impractical. This idea had to 

wait for its resurrection for a quarter century in the Superpave specification. 

Dobson [4] proposed in 1972 specification with only three parameters: equiviscous 

temperature, parameter of thermal susceptibility and parameter of shear susceptibility of 

asphalt. This, of course, is an oversimplification, however, the idea of a "three-

dimensional" specification (parameters as function of temperature and time of loading) is 

a right was and was not really implemented even in the current version of the Superpave 

specification. 

The only specification from the above mentioned that was commercially 

implemented was the Asphalt Institute "Research Specification", which even now is 

supported by ASTM and AASHTO. This specification shifted the grading temperature 

from 25° C to 60° C and from penetration test to viscosity test. It exists in two versions - 

with viscosity test before and after the simulated aging (ASTM D 44 02-97, AASHTO T 

316) 

Since this specification does not have any low-temperature asphalt test, it is not 

really suitable for countries with colder climate (the grading temperature too far above 

the minimum pavement temperature). Thus, for example in Canada hybrid specifications 
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developed: these use the viscosity at 600 C as a parameter, but maintain the grading 

temperature at 25° C similar to old penetration specifications. 

Development of Performance Related Specifications 

From the earliest specifications the intent of their creators always was to use them 

to select asphalt of appropriate consistency (grade) and to exclude asphalt with 

insufficient engineering properties. Unfortunately, due to the state of the knowledge and 

even more of available testing techniques, most of the specifications were much better 

capable to fulfill the first than the second aim. Recognition of the better or poorer quality 

was for the most part beyond the capability of these specifications. 

Introduction of polymer modified asphalts on a commercial scale has shown even 

more the shortcomings of the existing specifications. These materials, known and used on 

an experimental basis in the first half of the twentieth century, became gradually 

commercial products in the second half of the century (polymer modified asphalts are 

discussed in part of this work, here only impact of their existence on asphalt 

specifications is mentioned). Existing empirical (conventional) tests that were developed 

for neat asphalts either simply did not work with polymer modified asphalts, provided 

wrong results, or did not capture the new performance properties of modified asphalts. 

Specifications often had (or have) property limits that exclude the better materials. 

Regardless of the often fierce resistance of some asphalt manufacturers it had to 

be gradually acknowledged that differentiation of asphalts to harder and softer was not 

enough. For one, in areas with milder climates the differences between the temperature 

extremes are considerably smaller than in harsher climates (i.e. in Canada Pacific Coast 

versus Prairies); secondly, especially with the increase of traffic density and loading 
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when the engineering performance of the pavement was pushed to its limits, capacity of 

some asphalt to contribute more towards the pavement performance and service life had 

to be recognized. 

The inclusion of the weather differences into asphalt specifications was the next 

stepping stone in development of "performance related" asphalt specifications. 

Performance Based Asphalt Binder Grading System (PBA) 

First specification that seriously attempted to include weather differences was 

developed by the U.S. Pacific User-Producer Conference in 1989. (Pacific User-Producer 

Conference includes states of Washington, Oregon, California, Arizona, and Nevada). 

This specification identified five areas of asphalt performance requirements: 

a) temperature susceptibility (thermal cracking, rutting, tenderness, construction) 

b) hardening (short- and long-term hardening, raveling, thermal cracking); 

c) purity/constancy (homogeneity, uniformity) 

d) environmental/safety requirements (volatility, safe handling, health related 

requirements) 

e) asphalt - aggregate mixture properties (moisture resistance, permanent 

deformation, fatigue cracking). 

PBA specification did not try to develop new tests and relied on existing, mostly 

empirical tests available. The novelty was the inclusion of the weather conditions as it 

existed in the Conference states. Three hot weather climatic zones were defined by the 

highest mean monthly temperature. Also, three cold temperature climatic zones were 

defined by the lowest temperature found in the region. Combination of these temperature 

regimes formed the basis of the PBA grading systems. The isotherm maps defined seven 

distinct climatic regions in the territory of the Conference. The product performance 
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requirements for each region resulted in seven PBA grades with different requirements. 

For the lack of space we will not show the specification table, however, the table of the 

climatic zones is of interest and is shown below. 

Highest mean monthly temperature 

Lowest recorded 
temperature 

Below 32 °C Above 32 °C Above 38 °C 

Above -15 °C 
Moderate 

PBA-1 

Hot 

PBA-4 

Very hot 

PBA-7 

Above -29 °C 
Cold 

PBA-2 

Hot / cold 

PBA-5 
- - 

Below -29 °C 
Very cold 

PBA-3 

Hot / very cold 

PBA-6 

- - 

Table 2. 3 Climatic map with the designation of required asphalt specifications 
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Superpave Asphalt Binder Specification 

The Superpave (Superior Performing Asphalt Pavements) specification was 

developed as a part of the Strategic Highway Research Program, the five years research 

program (1987 - 1992) established by the Congress of United States. 

The Superpave asphalt binder specification - regardless of its shortcomings that will 

be mentioned later - is a qualitative step in the development of asphalt specifications. 

Several major differences put it apart from the previous specifications: 

• Introduction of weather-related asphalt grades 

• Replacement of most of empirical tests by tests with physical meaning 

• Development of new equipment for asphalt testing 

• Introduction of the direct measurement of the low temperature asphalt 

properties 

There is no place or need to explain in detail the Superpave asphalt binder 

specification, detailed table is in M 320-02 (older MP1) a version of the Superpave 

asphalt binder specification [5]. 

There is sufficient literature, i.e. the Asphalt Institute publication [6]. It is, 

nevertheless, useful to point to some advantages and shortcomings of this specification 

that both are the base for further development of asphalt testing and the potential 

implementation of some of these tests into the future specification. 

As already mentioned, the Superpave was not the first specification that included 

climatic conditions in the specification. It was the above discussed PBA specification. 
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But if PBA specification did not go further than using the air temperature, the Superpave 

specification uses algorithms to calculate the pavement temperature and relate important 

properties of asphalt to the pavement temperature scale (S, m, or Tcriticai to lowest 

pavement temperature, G*/sin 6 to highest weekly average pavement temperature, and 

the G*. sin 6 to medium temperatures). 

Superpave specification was the first one to seriously introduce the rheological 

concepts that had been used in asphalt research laboratories for several decades time. 

That, hand in hand with the use of true rheometers allowed the introduction of 

rheological parameters, no matter how simplified. 

It c s interesting to see how some concepts proposed in the sixties and seventies in 

the discussions about the rational specifications were finally adopted. The Krom's and 

Dormon's concept of equiviscous temperature (EVT) was adopted in the form of 

"equimodulus/equistiffliess" temperatures for both the high and low service temperature 

performance. Similarly was adopted their idea of two subsequent aging tests to simulate 

changes during the construction and during the service life of the pavement. Interestingly, 

Dobson's idea of the three-dimensional specification (parameters function of temperature 

and loading time) was adopted to a very little extent (high-temperature performance 

measured at one frequency only) and this fact became one of the weakest points of the 

new specification. 

The implementation of the direct low-temperature performance measurement, 

regardless of the parameter was a great step forward, especially for North America. If 

European specifications included at least empirical, or rather to say, semi-empirical test 

to evaluate the low temperature properties of asphalt (Fraass Breaking Point), the North 
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American specifications stopped short of any such attempt and the lowest testing 

temperature was 25° C, the testing temperature for the penetration test. 

The Superpave specification regardless of its drawbacks, that will be shortly 

discussed in the next section allows for much better evaluation of the quality of asphalt 

binders than any previous specification. But probably the greatest advantage of this 

specification is the introduction of the new concepts and the room for improvement: the 

concepts of modern materials science that can be built upon, room for improvement or 

change of parameters, equipment that has much greater capabilities than presently 

utilized. And last, but not least, change in thinking by asphalt technologists, acceptance 

of new "testing reality". 

There was very little room for a gradual, quantitative improvement of the old 

empirical specifications. A qualitative change was needed to open new ways for further 

development. 

Future Developments 

As suggested several times in the previous text, the Superpave specification has 

serious drawbacks. There may have been more than one cause: every specification by 

definition should be as simple as possible - what is the right balance between simplicity 

and loss of descriptive clarity may be clearly seen only after some time of its utilization. 

Oversimplification of some parameters (i.e. G*/sin 6 at one frequency) might be related 

to the desire to make the revolutionary new specification more palatable to the future 

users. Its lack of capability to clearly identify and quantify the improvement imparted by 

polymers may be caused by a simple fact that this specification was not originally 

designed for polymer modified asphalts. It is necessary to acknowledge that for majority 
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of neat asphalts the specification works reasonably well. And also the most prosaic 

reason, people make mistakes - one can assume that into this category belongs the 

fatigue parameter G*. sin 6). 

The future short-term efforts in specification development will likely deal with the 

improvement or replacement of some existing parameters [7. Such already was the 

development of the Tcriticai as the parameter for the determination of the low-temperature 

performance. It is possible that more discussions about the low-temperature performance 

test and the fracture properties of asphalts will occur. 

The high-temperature performance parameter will likely become more complex to 

be able to capture the properties of polymer modified asphalts. Discussion, whether 

dynamic test (frequency sweeps at more than one temperature) or transient test (repeated 

creep and recovery) will be the base for the new test is still open. 

Similarly, the fatigue parameter will be replaced. Presently it is difficult to 

suggest what the future test will be. 

The non-mechanical tests may undergo changes: several methods were offered for 

the simulated aging (i.e. use of microwave oven, different aging flask). 

In the long-term developments, possibly the parameters will be based on the 

performance models, damage weighted test conditions will be introduced and non-linear 

behaviour of asphalt binders may become part of specifications. Also, tests bridging the 

gap between the asphalt binder and paving mix testing and specification may appear. 
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ABSTRACT 

The paper discusses the new, performance related specification developed within 

the Strategic Highway Research Program. Among the major improvements is that this 

specification is weather related and the parameters are based on well defined physical 

tests. Validation of some parameters and their further development is still needed. 

A slate of asphalt binders prepared from different crude oils and produced by 

different technologies (vacuum distillation, blowing, modification by different polymers 

and other materials) is shown to demonstrate the use of the specification as well as 

capabilities of different manufacturing technologies. 

A full rheological characterization for selected asphalt binders is provided. These 

results are compared with the specification. 

KEY WORDS: Asphalt binders, specifications, modified asphalts, polymers, rheology 

INTRODUCTION 

Asphalt is one of our oldest construction materials. Evidence of its use in ancient 

times can be found both in literature and archaeology. The majority of its uses were very 

similar to modern applications: waterproofing and as a mortar in construction, including 

pavements. Some specialty applications, such as mummification, however, have vanished 

with time. 
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As for every engineering material, specifications have been necessary for 

standardizing asphalt use. The first allusion to such a specification, though qualitative, 

was given by Plinius the Elder who wrote in his Naturalis Historia: "Real asphalt must be 

glossy and black, otherwise it is adulterated by pitch" [1]. 

Early modern asphalt specifications date into more recent history - the beginning 

of the twentieth century -- and are well described by Barth [2]. Interestingly, many tests 

used in these early specifications can still be found in present specifications, after about 

hundred years including penetration, ductility, softening point R&B, but also others. 

Specifications based on these empirical tests do not directly relate to performance 

of asphalt binders in service life. To a degree, only the experience of a paving engineer 

allows a prediction of service life. For this reason, there has been an attempt to replace 

empirical tests with tests that have true physical meaning, closer related to the service. 

performance of asphalt binders and asphalt pavements. The first major breakthrough 

occurred in the sixties, when the Asphalt Institute developed the specification based on 

the viscosity of asphalt at 60 °C. This specification is still in both ASTM and AASHTO 

(American Association of State Highways and Transportation Officials) standards 

(ASTM D 3381 "Standard Specification for Viscosity Graded Asphalt Cement for Use in 

Pavement Construction", AASHTO M 226 "Viscosity Graded Asphalt Cement"). 

Variations on this viscosity-based specification are numerous. In Canada, for example, 

the viscosity at 60 °C was introduced into specifications. However, the penetration at 

25 °C remained the gradation test (CAN/CGSB —16.3-M90 "Asphalt Cements for Road 

Purposes", different provincial specifications). The development of asphalt specifications 

in the sixties and seventies is described in [3]. 
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The viscosity-based asphalt specification was better able to predict the 

performance of asphalt at high service temperatures. Nevertheless, this specification still 

could not be called "performance related" in the true sense of the word. Also, the 

majority of parameters were still empirical. The situation in North American asphalt 

specifications has been further aggravated by the fact that they lacked any test for low 

temperature asphalt behavior, which in Europe was at least partially provided by the 

empirical Fraass breaking point test. 

From the sixties on, the asphalt research laboratories have been using fast 

improving rheological instruments to characterize asphalt. When these instruments 

became computerized in eighties, the time for their transfer from research to testing 

laboratories arrived. At the same time, for numerous reasons (increase of heavy traffic, 

depletion of high quality aggregates, lower investments and others), the quality of the 

road network in the USA and Canada deteriorated. In 1987 the Congress of United States 

decided to establish a five-year, $150 million research program to improve the 

performance and durability of the roads. This program became known as the Strategic 

Highway Research Program, or SHRP. This program was followed by the smaller 

Canadian Strategic Highway Research Program, known as C-SHRP. $50 million of the 

SHRP research funds were made available for the development of performance based 

asphalt specifications. 

The asphalt specification developed within SHRP became part of the 

SUPERPAVE (Superior Performing Asphalt Pavements) system, which was supposed to 

include also paving mix design and a computer software system (the other components of 

SUPERPAVE were not finalized yet). After the end of SHRP the "ownership" of the 

SUPERPAVE binder specification was transferred to the United States Federal Highway 

Administration (FHWA) for further development and implementation. FHWA 

established the Expert Task Group (BTG) as an advisory body but also as an instrument 



24 

for further development of this specification. Several regional User-Producer groups 

consisting of asphalt producers and users were also established in the USA and Canada. 

Within this network, the FHWA pursues the further development and implementation of 

the SUPERPAVE specification. 

The SUPERPAVE specification brought several major improvements. Among the 

most important belong a) the introduction of weather-related asphalt grades; b) the 

replacement of most empirical tests by tests with physical meaning; and c) the 

introduction of the direct measurement of low temperature asphalt properties. The 

specification is not perfect. Its parameters and their magnitudes need validation and 

further improvement. Some tests will probably be replaced. The concept, however, is a 

step forward and allows for further development. The SUPERPAVE asphalt binder 

specification is presently an AASHTO Standard MPI-93 "Standard Specification for 

Performance Graded Asphalt Binder". 

In this paper we will discuss some aspects of the SUPERPAVE specification and 

its applicability to asphalt binders prepared by different technologies, i.e. vacuum 

distillation, oxidation and modification by different polymers and some other materials. 

The simplified determination of some rheological parameters according to SUPERPAVE 

specification requirement will be compared with a broader rheological evaluation 

performed on selected asphalt binders. 

Determination of asphalt pavement service temperatures 

An important part of the SUPERPAVE paving mix design method is the 

determination of the service temperatures to which asphalt pavement would likely be 

subjected during service life. Required SUPERPAVE grades are determined from the 
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local weather condition data (obtained from local weather stations) by using algorithms, 

calculating the pavement temperature from the air temperature and latitude of given area. 

The algorithms used for calculating pavement temperatures underwent some 

development from the original version. At present, two sets of algorithms are available, 

one developed by FHWA, another developed within the C-SHRP program. More about 

the algorithms can be found in [4, 5, 6]. For brevity only the FHWA algorithm called 

LTPP-SAPT (Long Term Pavement Performance Seasonal Asphalt Concrete Pavement 

Temperature) will be shown: 

LTPP-SAJ?T model 

Low Pavement Temperature 

Tpav = 1.56 + 0.72Tair - 0.004 Lat2 + 6.26 logio(H + 25) Z(4.4 + O.520ajr)'12 

Tpav Low asphalt pavement temperature below surface, °C 

Tair Mean low air temperature, °C 

Lat Latitude of the section, degrees 

H Depth to the surface, mm 

air Standard deviation of the mean low air temperature, °C 

Z From the standard distribution table, Z = 2.055 for 98% reliability 



26 

High Pavement Temperature 

Tpav = 54.32 + 0.78Tair 0.0025 Lae -  15.14 logio(H +25) + Z(9 + 0.61 Orai )h12 

Tpav High asphalt pavement temperature below surface, °C 

Tair High 7-day mean air temperature, °C 

Lat Latitude of the section, degrees 

H Depth to the surface, mm 

Software developed by FHWA calculates pavement temperature and required 

SUPERPAVE PG (PG - performance graded) grades according to this algorithm for 

different pavement depths, different reliabilities and different loading conditions based on 

data from each weather station in USA and Canada. 

An important decision when designing the asphalt. pavement is the selection of 

reliability - the statistical probability that real pavement temperatures will not surpass the 

calculated design pavement temperature. Reliability has to be selected for both high and 

low service temperatures. 

Examples of the calculated design pavement temperatures and selection of PG 

grades for 50% and 98% reliability* respectively (pavement surface temperature was 

chosen) for selected Canadian and US cities is shown in Table 1. The Table provides high 

and low design pavement temperatures with 50% reliability, the nearest PG grade 

meeting 50% reliability requirement and the reliability of this grade, and the PG grade 

meeting 98% reliability requirement for the given design pavement temperature. The 

* When the reliability of the calculated temperature is 98%, statistically the pavement 
temperature will surpass the calculated one once in fifty years. At 50% reliability the 
calculated pavement temperature will be surpassed once every two years. 
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example is given for basic traffic loading highway design. (Accounting for slow moving 

or stationary traffic would require an increase of the high service temperature grade). 

Examples show areas with moderate conditions (Vancouver, Miami), through 

more demanding (Toronto, Salt Lake City, Quebec City) to harsh on the low temperature 

(Calgary, Yellowknife) and high temperature (Phoenix, Death Valley) sides. 

Superpave asphalt binder specification 

The SUPERPAVE specification is shown in the Appendix. Its basic principles are 

summarized below. 

The SUPERPAVE specification evaluates the properties of the original binder; 

the binder aged by the Rolling Thin Film Oven Test (RTFOT), which simulates the 

changes during construction; and the binder subsequently aged in a Pressure Aging 

Vessel, simulating the changes of binder properties during five to ten years in service. 

The required performance at high service temperatures is based on the average 7-

day maximum pavement design temperature, and the required performance at low service 

temperatures is based on the minimum pavement design temperature. High service 

temperature performance is tested by the Dynamic Shear Rheometer and reported as 

IG *I/sin 8 at the frequency of 10 radls for the original binder and binder subjected to 

RTFOT. The low service temperature performance is tested by the Bending Beam 

Rheometer and reported as stiffness and in-value which is the tangent of the stiffness 

curve versus time at 60 s. The binder used in this test is first subjected to aging by 
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RTFOT and PAV. An additional test for low temperature performance is accomplished 

on the Direct Tension Tester and results are reported as a percentage of deformation. 

The binder after RTFOT and PAV is also subjected to testing by Dynamic Shear 

Rheometer at intermediate temperatures and results are reported as IG *1 sin 6. This 
parameter was provided as a measure of binder fatigue. 

Beside the above mentioned tests, the viscosity of the original binder at 135 °C is 

measured as a workability parameter. The minimum flash point is used as a safety 

parameter. Mass loss after the RTFOT is limited to 1%. Further details on the 

SUPERPAVE binder specification can be found i.e. in [7]. 

Some comments on the superpave asphalt binder specification 

It is known that the SUPERPAVE asphalt binder specification was developed for 

regular asphalt binders. The decision was made only in very late stages of its 

development that this specification would also be used for modified binders. Some 

aspects of the specification may be derived from this fact: the rheological properties of 

regular binders have fewer extremes than might be the case of asphalt binders prepared 

by other (i.e. modification) technologies. The danger of errors caused by 

oversimplification in the case of neat asphalts may not be so great. 

Determination of binder low temperature performance 

The present SUPERPAVE specification relates low temperature performance to 

the stiffening of the binder, thus to the decrease of its capability to relax stresses caused 

by the thermal shrinking of the pavement by creep. Complementary to this test is the 

Direct Tension Test (DTT), which evaluates the capability of the binder to stretch. The 

tensile test is used only when the binder does not meet the stiffness criteria. 

Determination of low temperature binder performance is under the review of the ETG 
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and a proposal for the combination and new interpretation of data from BBR and DTT 

has been submitted [8]. 

The width of SUPERPAVE grades —6 °C on both high and low temperature sides 

is very considerable. Because of the difficulty of achieving very low temperature grades, 

the split of the low temperature grades below - 28 °C into 3 °C sequences should be 

considered. 

Determination of binder high service temperature performance 

The high service temperature performance of asphalt binders is determined by 

dynamic mechanical analysis in the linear viscoelastic region (sinusoidal oscillations, 

plate-plate geometry). The result is provided as modulus divided by the sinus of phase 

angle which is identical with the reciprocal value of the loss compliance: 

1 - _IG*l 
sin  

The parameter is measured at the frequency 10 rad/s, which, according to some 

studies (9), relates to very slow traffic. 

It is expected that the majority of regular asphalt binders at high service 

temperature will be close to Newtonian behaviour. Thus, the comparison of the behaviour 

of regular asphalt binders based on one frequency of 10 radls (one point on the 

IG *j/sin 6 curve) is expected not to introduce too much error and for specification 

purposes can probably be tolerated. 
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In the case of asphalts prepared by some other technologies, especially through 

modification by polymers or other materials, the differences among materials and the 

changes of their characteristic parameters with the temperature or frequency can be much 

larger. In such cases, using the rheological parameter measured at one frequency may not 

sufficiently describe the properties of tested binders. At present there are some 

considerations of introducing more testing frequencies to characterize modified binders at 

high service temperatures. 

Also, according to some researchers, deformations in pavement can be larger than 

those for which linear viscoelastic theory holds. If this is true, a requirement to test such 

asphalt binders, at large deformations (corresponding with the deformations in pavement), 

and to apply theories of non-linear viscoelasticity to such materials, might be considered. 

Type of traffic loading 

The SUPERPAVE binder selection is considered valid for typical highway 

loading conditions, where pavement is subjected to a design number of fast, transient 

loads. The SUPERPAVE specification deals with different types of loading only in a 

semiempirical way. For slow moving design loads it recommends selection of one high 

temperature grade higher and for standing design loads two high temperature grades 

higher than determined by the basic procedure. 

Characterization of selected asphalt binders by the superpave specification 

In order to demonstrate the use of the SUPERPAVE specification asphalt binders 

from different crude oils and prepared by different technologies were selected and tested 

according to the specification protocol. 
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Selected asphalt binders 

The following asphalt binders were selected for testing: 

• Asphalt binders with penetration 210 dmm and 130 dmm respectively from Cold 

Lake (CL) crude oil. Cold Lake crude oil is a very heavy asphaltic crude oil from 

Alberta. The yield of asphalt at this penetration level is between 60 and 65%. 

Alberta's asphaltic crude oils produce asphalt binders of highest quality. Asphalts are 

high in asphaltene content - 15.6% by n-heptane and contain very little paraffin waxes 

- 0.67% (asphalt with penetration 210 dmm) (UOP Method 46-85). 

• Asphalt binders with penetration 220 dmm and 100 dmm respectively produced from 

Redwater (RW) crude oil. Redwater is a lighter crude oil from Alberta. The yield of 

asphalt at this penetration level is between 20 and 25%. Asphalts from Redwater 

crude oil are low in asphaltenes - 8.7% by n-heptane and contain high level of 

paraffin waxes - 8.00% (asphalt with penetration 220 dmm). 

• Asphalt binders modified by 3, 5 and 7% of ethylenevinylacetate (EVA) Elvax 350 

manufactured by E.LDuPont DeNemours. Elvax 350 is high molecular weight EVA 

with 25% of vinylacetate content. 200/300 Pen grade asphalt from a blend of Alberta 

and Saskatchewan heavy crude oils was used as an asphalt base. 

• Asphalt binders modified by 1, 2 and 3% of radial medium molecular weight styrene-

butadiene-styrene (SBS) block copolymer. 200/300 Pen grade asphalt from a blend of 

Alberta and Saskatchewan heavy crude oils was used as an asphalt base. 

• Asphalt binder modified by 1 and 2% of Elvaloy 4170. Elvaloy is described as 

reactive ethylene terpolymer with the chemical designation EGA 

(ethylene/glycidyl/acrylate). It is manufactured by E.I. DuPont DeNemours. 200/300 

Pen grade asphalt from a blend of Alberta and Saskatchewan heavy crude oils was 

used as an asphalt base. 
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• Three modified asphalt binders commercially produced under the name Black MaxTM 

(BM). Black MaxTM is a trademark of a family of modified asphalts manufactured by 

Husky Oil Ltd. 

• An asphalt binder prepared by vacuum distillation of asphalt AC-5 (ASTM Standard 

D 3381) from unknown crude oil. 

• A blown asphalt prepared by blowing (oxidation) of asphalt AC-5 from the same 

asphalt AC-5 as above. 

• Gelled asphalt prepared from the same asphalt AC-5 as above by modification with 

saponified tall oil. 

All the above listed asphalt binders were tested according to the SUPERPAVE PG 

specification. Results of the tests are summarized in Table 2. Penetration at 25 °C, 

viscosity at 60 °C, and in most cases kinematic viscosity at 135 °C of these asphalt 

binders are also listed. 

Discussion 

All good asphalt binder specifications determine a) a set of technological 

requirements and b) a set of service performance requirements. Additionally, there is a 

requirement for purity. The technological requirements deal with a) the capability of the 

asphalt binder to be mixed with mineral aggregates and compacted; b) changes of the 

binder during construction; and c) control of fire hazard. Performance requirements try to 

eliminate the major causes of pavement failure, namely a) plastic deformation (rutting), 

b) low temperature cracking and ideally c) fatigue cracking. Attempts to specify, or even 

describe well the asphalt/aggregate bond so far have largely failed. 

Table 2 shows a slate of asphalt binders prepared from different crude oils, using 

different technologies and modifiers. Asphalt binders from the Cold Lake and Redwater 

crude oils are almost on the opposite ends on the performance scale for straight run 

asphalt binders. EVA and SBS polymers are common modifiers, with EVA belonging 



33 

mainly to plastomers and SBS belonging to the family of thermoplastic elastomers. 

Elvaloy is polymer specifically designed for the modification of asphalt binders and 

manufactured by DuPont. All these modifiers were combined with the same asphalt base 

(CGSB 200/300 Pen grade) from the blend of Alberta and Saskatchewan heavy crude 

oils. Asphalt binders commercially produced under the trademark Black MaxTM contain 

SBS copolymers. Among their advantages is complete compatibility - lack of any 

separation during unlimited length of hot storage. The three asphalt binders from the 

Black MaxTM family represent materials for cold, medium and high temperature climates. 

Asphalt binders described as distilled, blown and gelled were prepared from the same 

asphalt base (ASTM AC-5 grade) by vacuum distillation, air blowing and modification 

with saponified tall oil. 
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Technological parameters 

The requirements for technological properties of the selected binders in the 

SUPERPAVE specification are similar to those in older specifications. The limit for 

processability of asphalt binders during pavement construction in SUPERPAVE 

specification is given as viscosity 3000 mPa.s at 135 °C. Table 2 gives a kinematic 

viscosity at the same temperature for most asphalt binders. (Since viscosity is far below 

that specified, we can conclude that all materials passed the specification requirement). 

One can see that viscosity of all binders is far below the maximum limit. It might be 

suggested that the limit of 3000 mPa.s is too high and the use of binder of this viscosity 

would lower the productivity of the mixing plant. The capability of the paving mix to be 

properly compacted might be also endangered. A more conservative value of 2000 mPa.s 

could be more appropriate. The flash point of all materials (including those not shown) is 

above the minimum required value of 230 °C. The mass loss of all binders is below the 

maximum limit of 1%. For the simulation of changes occurring during the construction 

the SUPERPAVE specification uses the Rolling Thin Film Oven Test (RTFOT). This 

method was selected over the Thin Film Oven Test (TFOT) to prevent the separation of 

incompatible modified asphalt binders during the test period. RTFOT generally produces 

higher mass loss than TFOT. 

Service performance parameters 

High service temperature performance characteristics, indicating the resistance of 

asphalt binder to rutting in the SUPERPAVE specification, involve the temperature at 

which parameters G *1/ sin S of the original binder and binder subjected to RTFOT, 
measured by dynamic shear rheometer (DSR) at 10 radls have the required minimum 

value. The smaller of the two temperatures indicates the highest service temperature to 

which the asphalt binder can be subjected. At intermediate service temperatures, the 

parameter jG *1 sin 8 was introduced as a parameter indicating resistance to fatigue. Since 
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this parameter does not appear to be sufficiently related to fatigue characteristics of the 

binders, work to develop a new fatigue parameter is being undertaken. 

Low service temperature characteristics are the stiffness and rn-value, measured 

by the bending beam rheometer (BBR). Direct tension testing is presently very little used 

(this should dramatically change within one to two years). The lowest service 

temperature should indicate limit of asphalt binder resistance to thermal cracking. 

One can compare the performance of asphalt binders by comparing the highest 

and the lowest service temperatures to which they can be exposed during service life. As 

a rule of thumb, it is believed that achieving more than 90 °C difference requires the use 

of modifiers. 

By looking at straight run asphalt binders from the Cold Lake and Redwater crude 

oils, one can see that their differences in temperature susceptibility are 5 to 10 °C. These 

are very considerable differences and in the case of straight run asphalts differentiate 

between excellent and mediocre materials. 

In the case of modified asphalt binders, one can see growing improvement by 

increasing the amount of polymer in all three cases, EVA, SBS and Elvaloy. One can also 

see that the impact of the SBS is considerable higher than the impact of the EVA. The 

manufacturer proposes to add Elvaloy in lower concentrations because of its supposedly 

greater impact. In our tests, the greater impact was not proven: two percent of Elvaloy 

had the same impact as two percent of SBS. 
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Table 2 shows three materials from the Black Max TM family, one designed mainly 

for low temperatures (PG 64-40), one for high (PG 76-28) and one for intermediate 

temperatures (PG 70-34). The difference between the high and low service temperature 

of these materials is about 110 °C. 

The last three asphalt binders in. Table 2 are all prepared from asphalt binder AC-

5 by three different technologies - vacuum distillation, blowing and modification by 

saponified tall oil. Blowing produced a 3 °C improvement relative to vacuum distillation. 

Modification with the saponified tall oil would have produced a difference between the 

high and low service temperature of 95 °C, which would be a 7 °C improvement relative 

to vacuum distillation. However, the dramatic drop of high service temperature 

performance after RTFOT produced a much more modest improvement of 2 "C. Also, 

this material has an unusually strong non-Newtonian behaviour at 135 °C. 

It may be of interest to mention how asphalt binders deal with extreme 

requirements. In very hot North American climates (i.e. the desert in Arizona) asphalt 

binders PG 76-xx might be required. These materials can be prepared without 

modification, however the unmodified asphalts with this high service temperature 

performance are very hard (penetration 30 dnmi and less). A field trial using such an 

asphalt binder was done in Arizona. Paving at slightly cooler conditions was difficult and 

the pavement failed in a very short time. It appears that asphalt binders harder than PG 

70-xx should be prepared by modification. 

On the other side of the scale, it was found that the decrease of the minimum low 

service temperature by producing softer asphalts by vacuum distillation reaches a plateau 

at about —37 to -38 "C. This occurs at penetrations around 400 dmm even for the best 

asphalts (not to mention disastrous high service temperature performance and large mass 
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loss after RTFOT). PG xx-40, which would be very common in Canada and in northern 

states of USA can not be prepared as straight run and most likely not by blowing. In 

northern parts of Canada and in parts of the prairie provinces with a harsh continental 

climate, PG xx-46 or even PG xx-52 can be formally required. The authors do not know 

of any commercially available asphalt binders meeting these criteria. 

Dynamic mechanical analysis of asphalt binders 

A complete dynamic mechanical analysis of selected asphalt binders from Table 2 

has been performed. Dynamic mechanical analyzers Bohlin VOR F/M (controlled strain), 

Bohlin CS (controlled stress) and R.heometric Scientific 4ARES-33A have been used. 

The selected asphalt binders were: straight run asphalt binders from Cold Lake and 

Redwater crude oils (both designated as #1); commercially available modified asphalt 

binder Black MaxTM (designated as #2); an asphalt binder modified by 5% of EVA; and 

asphalt binders prepared from asphalt AC-5 by vacuum distillation, blowing and 

modification by saponified tall oil (gelled). 

A frequency sweep in the linear viscoelastic region was performed on these 

asphalt binders at different temperatures. Master curves of storage modulus G', loss 

modulus G" and jG *1/ sin ö were constructed by time-temperature superposition using 
the Williams-Landel-Ferry (WLF) equation: 

loga1 = —ci(T—Tr) 
c2 +TTr 
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The commercially available software IRIS, using the Maxwell model, was used to 

produce master curves. More about the modeling can be found. in [10]. 

A typical set of master curves is given in Figure 1 and the WLF constants of the 

tested asphalts are given in Table 3. The reference temperature for all materials was 5 °C. 

A typical plot of shift factors aT versus temperature is given in Figure 2. From the values 

of G', G" and IG *1 / sin 6 vs. frequency and from the curves of aT vs. temperature 
isochronal diagrams of G', G" and IG *1/5mb vs. temperature at 10 radls were 

constructed (Figures 3 to 9). The value of IG *1 / sin 6 of 1 kPa, indicating which 

parameter point on the master curve is measured in the SUPERPAVE specification, is 

highlighted. 

According to the shape of the shift factor aT the tested asphalts can be divided into 

three groups. In the first group are asphalt binders from Redwater crude oil and asphalt 

binders produced by modification with 5% Elwax 350. Log aT vs. T of these asphalt 

binders are represented by flat curves. In the second group are asphalt binders from Cold 

Lake crude oil blends and the blown asphalt. The lines of log aT vs. T of these binders are 

slightly curved. The third group is represented by asphalt binders Black MaxTM and 

gelled. The dependence of log aT on T is characterized by a large curvature. The different 

shapes of the log aT vs. T line attests to a different temperature dependence of the shift 

factor for different asphalt binders. The SUPERPAVE specification, however, uses only 

one shift factor (10 °C) for all materials. 

Two asphalt binders, Black MaxTM and gelled, show inflexion on their master 

curves. These inflexions cannot be described exactly as a rubbery plateau, but definitely 
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as an indication of it. Interestingly, no such inflexion is seen in asphalt binders modified 

with Elvax 350. 

When the curves are analyzed in the vicinity of the IG * / sin 6 value of 1 kPa, one 

can see a different frequency dependence of the parameters G', G" and IG *1/ sin 6 in this 
region. Different levels of elasticity are also notable between modified (gelled, Black 

MaxTM) and regular (Cold Lake, Redwater), but also between the regular asphalt binders 

at high frequencies (asphalt binders from Cold Lake crude oil are more elastic than from 

Redwater crude oil). 

A better picture of the differences among asphalt binder behaviour at the 

frequency of 10 rad/s can be seen on isochronal curves (Figures 3 to 9). The Black 

MaxTM asphalt binder shows the lowest temperature susceptibility, followed closely by 

gelled asphalt. Higher susceptibility is shown by blown asphalt binders and asphalt 

binders from Cold Lake crude oil. The highest temperature susceptibility is manifested by 

asphalt binders modified by Elvax 350, and asphalt binders produced by vacuum 

distillation from the crude blend and from Redwater crude oil. 

The close-up on the region where the value of IG *1/sin 6 is about 1 kPa on the 

isochronal master curves (Figures 10 to 16) shows different temperature (and thus 

frequency) susceptibility in this area. It is also interesting that in this region for all tested 

non-modified asphalt binders the value of G" and IG *1 / sin  is identical. For an asphalt 
binder modified by 5% of Elvax 350 the values of G" and IG *1/ sin s slightly differ. In 

the case of Black MaxTM and gelled asphalt the difference is larger. The gelled asphalt 
binder is the only one that seems to have an asymptote at high temperatures. 
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SUMMARY AND CONCLUSIONS 

Under the auspices of the Strategic Highway Research Program a new, 

performance related specification has been developed. The major improvements of this 

specification relative to older specifications are that: a) the specification is weather 

related, b) empirical parameters have been replaced by parameters from well-defined 

rheological tests, and c) low temperature characteristics are directly measured. This new 

specification is capable of much better differentiating between better and poorer 

performing asphalt binders than any previously existing specification. 

The specification is presently in the implementation stage in both the United 

States and in Canada. The implementation is coordinated by the U.S Federal Highway 

Administration, supported by regional User - Producer groups. The Expert Task Group 

formed by FHWA overlooks further development of the specification. 

Several initiatives aim to further develop or improve the specification. Two major 

initiatives are to improve the determination of low temperature performance and to 

replace the fatigue parameter of the binder. Consideration is also being given to the 

improvement of determining high temperature performance by introducing the 

measurement of high temperature performance parameter at more than one frequency. 

Some other initiatives relating to large pavement deformations and to the technological 

properties of asphalt binders are also ongoing. Most of the developments are related to 

asphalt binders manufactured by advanced technologies, mainly by polymer 

modification. 
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The paper demonstrates the use of the specification and its capabilities to 

differentiate among binders prepared by both conventional and advanced technologies, 

using different crude oils and different modifiers. Asphalts from asphaltic crude oils and 

waxy crude oils are compared with asphalts prepared by blowing and by modification. 

Known modifiers such as SBS, EVA and Elvaloy are used at different concentrations. 

Modified asphalts produced commercially under the trademark Black Max TM and gelled 

asphalt prepared by modifying asphalt by saponified tall oil are also shown. 

In the last part of the paper selected asphalt binders are characterized by using 

rheological measurement in a wide range of temperatures and frequencies and by 

constructing master curves of several rheological parameters of these materials. This 

characterization shows the impact of different modifiers added to asphalts in different 

concentrations. One can also notice the error introduced into the specification by 

evaluating the high temperature performance of asphalt binders at only one frequency. 

The new, proposed evaluation of low temperature performance, based on the 

combination of the data from the creep measurement on the Bending Beam Rheometer 

and tensile strength measured on the Direct Tension Tester is demonstrated. 

In conclusion, it is possible to say that the new specification, even in its present 

form, represents a major improvement relative to existing specifications. Considerable 

effort in validation and further development and improvement is still necessary. The 

testing methods used in the specification, however, allow for further improvement in a 

way that would not be possible in the older, empirical, or semi-empirical specifications. 
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City Vancouver Miami Phoenix 

High T Low  
High T 

% Rel. 

Low  

% Rel. 
High T Low  

High T 

% Rel. 

Low  

%Rel. 
High T Low  

High T 

% Rel. 

Low  

% Rel. 

Pavement Temperature 

50% Reliability 
42.8 -10.0 50 50 53.7 7.1 50 50 60.3 2.1 50 50 

Nearest PG and Reliability 46 -16 84 96 58 -10 91 98 64 -10 88 98 

PG with 98% Reliability 52 -22 98 98 64 -10 98 98 70 -10 

City Toronto Salt Lake City 

98 

Quebec City 

High T Low  
High T 

% Rel. 

Low  

% Rel. 
High T LowT 

High T 

%Re1. 

Low  

% Rel. 
High T Low  

High T 

%Rel. 

98 

Low  

% Rel. 

Pavement Temperature 

50% Reliability 
48.5 -18.2 50 50 53.1 -10.7 50 50 46.0 -23.2 50 50 

Nearest PG and Reliability 52 -22 84 89 58 -16 94 92 46 -28 50 94 

PG with 98% Reliability 58 -28 98 98 64 -22 98 98 58 -34 

City Yellowknife Dead Valley (CA) 

98 

Calgary 

High T Low  
High T 

% Rel. 

Low  

% Rel. 
High T Low  

High T 

% Rel. 

Low  

% Re!. 
High T Low  

98 

High T 

%Rel. 

Low  

% Rel. 

Pavement Temperature 

50% Reliability 
38.8 -40.8 50 50 64.5 50 50 45.1 -28.7 50 50 

Nearest PG and Reliability 40 -46 64 96 70 -10 95 98 46 -34 60 93 

PG with 98% Reliability 46 -52 98 98 76 -10 98 98 58 -40 98 98 

Table 1 Calculated Pavement Temperature and Required PG Grades (50% and 98% Reliability) 
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Cold Lake 

1 

St
an
da
rd
 T
es

ts
 Penetration at 

25°C[dmm] 
210 

Viscosity at 60°C 

(0.07 s')[Pa.s] 
58 

Kinematic Viscosity 
at 135°C[mm2 s1] 

208 

Flash Point [°C] 270 

Viscosity at 135°C 
[mPa.s] 

208 

IG* I/sin 6 [kPa] 1.14 

Temperature [°C] 55.0 

1 
ti) 

0 

Mass Loss [%] 0.56 

IG* I/sin 6 [kPa] 2.42 

Temperature [°C] 55.1 

old Lake 

2 

Redwater 

1 

Redwater 

2 

Elwax 350 

3% 

Elwax 350 

5% 

Elwax 350 

7% 

Radial SBS 

2% 

Radial SBS 

3% 

Radial SBS 

4% 

130 220 100 188 138 111 181 150 141 

118 29 94 137 175 256 1189 6431 7416 

296 130 194 398 634 1003 511 935 1360 

SUPERPAVE 

286 321 338 

280 123 208 

1.09 1.11 1.06 1.00 1.02 1.01 1.01 1.04 1.02 

58.9 49.4 60.0 58.0 61.1 66.0 62.0 69.0 71.0 

0.21 (+0.14) (+0.13) 0.69 0.68 0.65 0.67 0.57 0.63 

2.22 2.45 2.38 2.39 2.29 2.25 2.21 2.29 2.26 

62.0 51.0 58.9 59.0 60.9 65.9 62.0 69.0 70.0 

Table 2 Asphalt Binders Prepared from Different Crude Oils and by Different Technologies Characterized by SUPERPAVE 

Specification 
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PAV Aging Temp. [°C] 90 100 90 100 100 100 100 100 100 100 

IG*Isin[kPa] 4545 4897 4935 4950 4950 4990 1510 4704 4959 4910 

Temperature [°C] 10.9 16.0 14.0 18.0 18.0 6.8 4.1 9.0 7.0 7.0 

Stiffness [MPa] 284 276 294 303 265 244 257 274 289 288 

rn-value 0.345 0.343 0.339 0.343 0.329 0.375 0.353 0.345 0.332 0.347 

Temperature 

(incl. shift)[°C] 
-34.1 -31.0 -30.0 -26.0 -34.7 -34.2 -36.2 -37.9 

* 

-37.9 -37.8 

Real PG Grade 55-34 59-31 49-30 59-26 58-35 61-34 66-36 62-38 69-38 70-38 

Official PG Grade 52-34 58-28 46-28 58-22 58-34 58-34 64-34 58-34 64-34 70-34 

AT 89 90 79 85 93 95 102 100 107 108 

Table 2 Asphalt Binders Prepared from Different Crude Oils and by Different Technologies Characterized by SUPERPAVE 

Specification (continued) 
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Elvaloy 

1% 

Elvaloy 

2% 

Black 
Max 1 

Black 
Max 2 

Black 
Max 3 

Distilled 

A 

Blown 

B 

Gelled 

E 
St
an
da
rd
 T
es

ts
 Penetration at 

25°C[dmm} 

198 164 61 130 150 58 68 81 

Viscosity at 60°C 

(0.07 s')[Pa.s] 

111 292 2060 1751 1048 248 271 1818 

Kinematic Viscosity 
at 135°C{mm2 s'] 

695 1568 843 

SUPERPAVE 

Or
ig

in
al

 B
in

de
r 

Pr
op

er
ti

es
 

Flash Point [°C] 

Viscosity at 135°C 
[mPa.s] 

372 1541 909 901 471 444 * 

IG*I/sin6 [kPa] 1.04 1.06 1.08 1.05 1.00 1.01 1.07 1.08 

Temperature [°C] 58.0 66.0 80.0 72.0 68.0 66.5 66.5 66.5 

Pr
op

er
ti

es
 

af
te
r 
R
T
F
O
 

Mass Loss [%] 0.93 0.69 0.20 0.72 0.42 (+0.04) (+0.01) 0.05 

IG* I/sin 5 [kPa] 2.33 2.22 2.21 2.39 2.42 2.30 2.42 2.25 

- - _1. 
*Gelled asphalt is highly non-Newtonian at 135 °C. Its viscosity at shear rate 1.4 7  s is i.00u, viscosity at siieu rate 24 . 

Table 2 Asphalt Binders Prepared from Different Crude Oils and by Different Technologies Characterized by SUPERPAVE 

Specification (continued) 
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Temperature [°C] 58.0 66.0 79.0 73.0 68.0 64.0 64.0 61.0 

Pr
op
er
ti
es
 a
ft

er
 P
A
V
 

PAy Aging Temp. 
[°C} 

100 100 100 100 100 100 100 100 

IG*I/sin 8 [kPal 1197 4941 4393 1298 4988 3532 3774 

Temperature [°C] 19.0 18.0 10.0 16.0 22.0 19.0 16.0 

Stiffness [MPa] 266 287 276 294 283 243 184 254 

in-value 0.326 0.349 0.304 0.335 0.316 0.302 0.329 0.302 

Temperature 

(incl. shift)[°C] 
-35.0 -34.6 -31.0 -38.1 -41.0 -24.0 -27.0 -29.0 

Real PG Grade . 58-35 66-34 79-31 72-38 68-41 64-24 64-27 61-29 

Official PG Grade 58-32 64-34 76-28 70-34 64-40 64-22 64-22 58-28 

AT 93 100 110 110 109 88 91 90 

Table 2 Asphalt Binders Prepared from Different Crude Oils and by Different Technologies Characterized by SUPERPAVE 

Specification (continued) 

Asphalt Binder C1 C2 

Cold Lake (1) 15.134781 129.57239 

Redwater(1) 58.613581 486.48662 

Elwax 350 5% 47.502678 373.87116 

Black Max (2) 24.633825 195.36555 

Asphalt Binder (cont.) C1 C2 

Distilled (A) 21.677297 149.07915 

Blown (B) 14.682552 87.084886 

Gelled (E) 16.816 123.473 

Table 3 Constants in Williams-Landel-Ferry Equation (Reference Temperature 5 °C) 
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Performance Grade PG 46 PG 52 PG 58 PG 64 

-31 -10 -16 -10 -16 -22 -28 -34 -40 -46 -16 -22 -28 -34 -40 -10 -16 -22 -28 -34 -40 

Average 7-day 
Maximum Pavement 
Design Temp, oca 

<46 <52 
<58 <64 

Minimum Pavement 
Design Temp, 0Ca > 

-31 

> 

-10 
> 

-16 

> 

-10 

> 

-16 
> 

-22 

> 

-28 
> 

-34 

> 

-40 

> 

-46 
> 

16 

> 

-22 
> 

-28 
> 

-34 

> 

-40 
> 

-10 
> 

-16 

> 

-22 

> 

-28 
> 

-34 

> 

-40 

Original Binder 

Flash Point Temp, T48: 
Minimum °C 

230 

Viscosity, ASTM D 
4402:" 

Maximum, 3Pa.s(3000 
cP), 

Test Temp, °C 

135 

Dynamic Shear, TPS:° 

G*/sin 6, Minimum, 
1.00 kPa Test Temp @ 

10 radlsec,°C 

46 52 58 64 

Rolling Thin Film Oven (T 240) or Thin Film Oven (T 179) Residue 

Mass Loss, Maximum, 
% 

1.00 

Table 1 Performance Graded Asphalt Binder Specification - Appendix 
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Performance Grade PG 70 PG 76 PG 82 

-10 -16 -22 -28 -34 -40 -10 -16 -22 -28 -34 -10 -16 -22 -28 -34 

Average 7-day Maximum 
Pavement Design Temp, 

oca 
<70 <76 <82 

Minimum Pavement 
Design Temp, oCa 

> 

-10 

> 

-16 

> 

-22 

> 

-28 

> 

-34 

> 

-40 

> 

-10 

> 

-16 

> 

-22 

> 

-28 

> 

-34 

> 

-10 

> 

-16 

> 

-22 

> 

-28 

> 

-34 

Original Binder 

Flash Point Temp, T48: 
Minimum °C 

230 

Viscosity, ASTM D 44O2:' 

Maximum, 3Pa.s(3000 cP), 

Test Temp, °C 

135 

Dynamic Shear, TPS:° 

G*/sin 8, Minimum, 1.00 
kPa Test Temp @ 10 

rad/sec,°C 

70 76 82 

Rolling Thin Film Oven (T 240) or Thin Film Oven (T 179) Residue 

Mass Loss, Maximum, % 1.00 

Table 1 Performance Graded Asphalt Binder Specification - Appendix (continued) 
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Dynamic Shear, TP5: 
G*/sin 3, Minimum, 2.20 

kPa 

Test Temp @ 10 
radlsec,°C 

70 76 82 

Pressure Aging Vessel Residue (PP 1) 

PAY Aging Temperature, 
ocd 100(110) 100(110) 100(110) 

Dynamic Shear, TP5: 

G*sin 3, Maximum 5000 
kPa Test Temp @ 10 

rad/sec,°C 

34 31 28 25 22 19 37 34 31 28 22 40 37 34 31 28 

Physical Hardeninge Report 

Creep Stiffness, TP1 : 

S, Maximum, 300 MPa 

rn-value, Minimum, 0.300 

Test Temp @ 60 see, °C 

0 -6 -12 -18 -24 -30 0 -6 -12 -18 -24 0 -6 -12 -18 -24 

Direct Tension, TP3 : 

Failure Strain, Minimum, 
l.0% Test Temp@ 1.0 

mm/mm, °C 

0 -6 -12 -18 -24 -30 0 -6 -12 -18 -24 0 -6 -12 -18 -24 

Table 1 Performance Graded Asphalt Binder Specification - Appendix (continued) 
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3 Transitions in asphalt binders 

3.1 Viscoelastic behavior of materials 

According to Hooke's law on the classical theory of elasticity, stress is always 

directly proportional to strain in small deformations. In elastic bodies, the stress is 

independent of the rate of strain. On the other hand, the classical hydrodynamics 

defines the viscous fluids, in which the stress is always directly proportional to the 

rate of strain and independent of the strain itself (Newton's law). Even though these 

two types of material behavior are idealizations, there are many materials with the 

behavior approaching these two idealized categories for small strains in solids and for 

small rates of strain in liquids. Deviations from the perfectly elastic solids and/ or 

viscous fluids are observed when the strains or the rates of strain are not "small". The 

meaning of "small" depends on the conditions of the experiments used for the study 

of materials and varies from one material to another. Then there are materials, which 

even if the strain and the rate of strain are infinitesimal exhibit the behavior which is 

liquid like in some circumstances and solid like in the other. For example asphalt 

binders under an impact may shatter like a solid glass but in a slower deformation it 

can flow like a liquid. When asphalt is subjected to a harmonic stress with small 

amplitude, the strin response is not in phase with the stress (as it would be in elastic 

solid) and it is not ir/2 out of the phase (as it would be in Newtonian - perfectly 

viscous liquid), but for the given frequency it is between these two values. Part of the 

energy input is stored and recovered in each cycle and part is lost - dissipated. This 

type of behavior is characteristic for viscoelastic materials. When (for infinitesimal 

strains and rates of strain) the time dependent stress - strain relationship is linear, 

either in the form of linear differential equations with constant coefficients or as 

simple integrals, we have the linear viscoelastic behavior. Polymers with their long 

flexible molecules and many various configurations are materials in which the 

viscoelastic behavior is demonstrated most strongly. Thus, most of the studies in 
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viscoelasticity can be found for polymeric systems, Ferry, Tschogel, Markovitz, 

[1,2,3]. 

The relations between stress, strain and their dependence on time are called 

constitutive equations. Even though these equations are generally based on the 

molecular structure of materials, their form is most frequently phenomenological i.e. 

in terms of stress - strain relations based on the fundamental concepts of continuum 

mechanics. Without the loss of generality one can use the Cartesian tensors for the 

introduction of basic variables in viscoelastic constitutive equations. 

Infinitesimally small deformations are described by the infinitesimal strain 

tensor: 

1(yu au1 aU 
—+-- 

2ax, ax1 
(1) 

where {x1 }I_123 are Cartesian coordinates of the point where the strain is 

calculated and U1 are components of the displacement from the unstrained state to the 

strained state, U, = x1 - x,°, (superscript o refers to the unstrained state). In chemical 

engineering, the definition of the strain is sometimes slightly different, e.g. Bird [4] 

defines the strain without the factor 1/2. In such a case, the "practical" measure of the 

strain has to be introduced in the discussion of the compressive and tensile strain [1]. 

Both definitions of the infinitesimal strain tensor can be used in constitutive equations 

if the care is taken to incorporate the numerical factor there. The stress, in a body, is 

described by a second order tensor, Ij. The stress component Tij is the component 

parallel to the j direction of the force per unit area acting on the plane perpendicular 

to the I direction, Figure 3.1. 



70 

T22 

3 

2A 

V 
1 
0' 

Figure 3. 1 Cartesian stress tensor - components 

Usually, but not always, the normal stresses T11 are defined as positive for 

tension and negative for compression. It is convenient to decompose the stress tensor 

T in to an isotropic part —P8,j and the extra - stress tensor , 

Ti P5 + TU (2) 

where 8jj is the Kronecker delta (511 =O if i:;•--j or S =1 if 1=]). In most of 

the cases the deformations studied in this thesis are isochoric - materials are assumed 

to be incompressible. The moment of momentum principle implies the symmetry of 

the stress tensor i.e. also the symmetry of the extra - stress tensor [5]. The linear 

momentum principle yields the equations of motion: 

L9 T;j +pb1 =p Vi 
axj 

(3) 

where p is the mass density, b1 symbolize the body forces per unit mass, vi 

represent the velocity and the dot (.) represents the time derivative. In homogenous 

deformations the stress and strain components are independent of x•. One of such 
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deformations is simple shear which is frequently used in rheometry. In simple shear, 

parallel layers of material are displaced by sliding, Fig.2. 

tana 

Figure 3. 2 Simple shear of cubical material element 

It is customary to assume that the plane 13 slides in the 1 direction. The stain 

and stress tensors have the following forms in simple shear: 

721 0 

711 = 712 0 0 

\• O 0 0 

(4) 

lau1 I I au1 
712 =y21 =----=—tano=--a or 712 =y21 =—= tan a=c, depending 

2ax2 2 2 ax2 

on the definition of y 

and 

P r12 0 

1j= r2i P 0 

_0 0 —P 

T12 = T21 (5) 

Constitutive equation determines the extra - stress TU in terms of the deformation 

or the rate of deformation [5]. The isotropic pressure has to be determined via the 
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boundary conditions. The linear constitutive equation incorporates the principle of 

superposition and the memory of the studied material. For the simple shear 

experiment such an equation has the form [1]. 

"21 (t)= JG(t_t')'21 (t')dt 
- 

where 721 is the shear rate and G(t) is the relaxation modulus. 
at 

(6) 

In viscoelastic liquids, Urn G(s) = 0 and the constitutive equation (6) can be 
s-

written as: 

1(t) _—_JM(t —t')y21 (t,t')dt' (7) 

where 

M(t)= dG(t) 
dt 

is the memory function [1]. 

(8) 

The strain 721 (t, t') is the shear strain at time t' w.r.t. the current configuration 

at time t. In viscoelastic solids the relaxation modulus approaches a constant value 

G. for very long times and additional term has to be added to equation (7). It is 

possible to invert the constitutive equation (6) and write the strain in terms of the 

history of the rate of the shear stress [1]. 

721 (t)= fJ(t—t')r 21 (t')dt' 
- 

(9) 
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The kernel in (9) is called the creep compliance. The creep compliance and the 

relaxation modulus are related by the following convolutions [1,6]: 

JG(t')J(t—t') dt'=t 

fJ(t')G(t_t') dt'=t 

(10) 

Each of the functions G, M or J fully characterizes the linear viscoelastic material 

in any shear experiment as long as the deformations are sufficiently small and/ or 

sufficiently slow. 

Some of the most important transient shear deformations (flows) are [7] (the 

subscript 21 is neglected): 

1. Step strain 

A material initially in the rest state is suddenly sheared (strain y =const.) at time 

t = 0, and the shear stress is monitored. The following material functions can be 

obtained. 

Shear stress relaxation function 

(12) 
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Shear stress relaxation modulus 

(13) 

from which the linear viscoelastic modulus is obtained 

IimG(t,y)=G(t) (14) 
7-40 

2. Start-up flow 

A sample, initially in the rest state is subjected to a constant shear rate ' at time 

t = 0. The following material functions can be obtained: 

Shear stress growth function 

(15) 

Shear stress growth coefficient 

when the stress approaches the steady - state value 

(16) 

(17) 
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where i () is the steady state shear viscosity (non-Newtonian) 

in linear viscoelastic approximation r --> o) 

Dmi = i (t) = JG(s) ds (18) 

3. Cessation of steady shear flow 

A fluid is subjected to steady simple shear at a rate y, until its stress is steady, 

is brought suddenly to rest at time t = 0. The stress is monitored as the function of 

time and material functions are: 

Shear stress decay function 

(19) 

Shear stress decay coefficient 

(20) 

in linear viscoelastic approximation 

ds (21) 
L ) = t 
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4. Creep after sudden stress 

A material initially at rest is subjected to a constant shear stress r at time 0. The 

shear strain y is monitored as a function of time. The experiment defines the material 

function 

Shear creep compliance 

J(t,r) 7/ 

in linear viscoelastic approximation 

(22) 

IimJ(t,i ) J(t) (23) 
r-*O "  

In viscoelastic materials J (t) # 1/G (t), (material is not perfectly elastic solid 

where J (t) = 1/G (t)) since the creep and relaxation experiments follow two different 

experimental time patterns [1]. 

An important case of the creep experiment is the one in which a creep 

experiment is carried out for some time and then the stress is suddenly removed. The 

rate of deformation will change the sign and the sample will gradually return to its 

initial state (more or less). The reverse deformation is called creep recovery. The 

result of recovery depends on whether the material is a viscoelastic solid or a 

viscoelastic liquid [1]. The creep and creep recovery for viscoelastic solid are 

schematically described in Figure 3.3 [1]. 
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Figure 3. 3 Shear creep and recovery in viscoelastic solid 

When the stress r.,, has been applied for a long time (t2) the strain can reach its 

equilibrium value v(co) = DoJe, where Je is the equilibrium compliance in shear. The 

creep recovery is given as 

YR (t)r0(Je _J(t_t2)) (24) 

If the stress ro is removed at time ti before the equilibrium strain (r (cc)) is 

reached, the recovery is given as 

YR(t)o(J(t)_ 1(ttl)) (25) 

In viscoelastic liquid, under constant stress, the rate of strain approaches a limit 

value and a steady - state flow is eventually reached. This state is governed by a 

constant (Newtonian) viscosity 17, and even though there is no equilibrium 
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compliance, there exists a steady - state compliance J,,0 . This situation is described in 

Figure 3.4 [1. 

A 

ro J e 0 

A 
rot2liio 

A 

r0 J 0 0 

V 

T (t) A time 

TO 

 10. 

0 t, time 

Figure 3. 4 Shear creep and recovery in viscoelastic liquid 

After sufficiently long time, but before the stress is removed at the time t2, the 

creep compliance is given as: 

Y( t)/j0 Y770 
/r0  

The strain during recovery is given as: 

YR(t)o( o Je0+ t/ _J(t_t2)) 
/i 

which approaches the value (TOYN) 

(26) 

(27) 

The discussion given above, of the shear creep and recovery experiment holds 

only for linear behavior of viscoelastic materials. 
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An important addition to the discussed transient experiments is the periodic 

dynamic experiment. When a periodic strain is applied to a linear viscoelastic 

material, the stress response is also periodic, with the same frequency as the input, but 

out of phase with the strain. It is convenient to use the complex description of the 

periodic experiment. If the periodic strain is given as the real part of the complex 

strain 

7* = y0iwt 

than the corresponding stress is the real part of the complex stress 

= 

(28) 

(29) 

Here, S (a) is the phase angles between stress and strain, 7° and ro are the 

magnitudes of the corresponding complex quantities and a is the frequency of 

oscillations (co = 2irv, [co] = rad Is, [v] = Hz =1/ s). The ratio of z and y defines 

the complex shear modulus: 

= -  = - = G+ IG" 
7 yo 

thus 

(30) 

Do Do 
G'=—cosS and G"=—sinS (31) 

70 y0 

G*=J(G 12+Gh'2) (32) 



80 

The oscillatory experiment can be also described by the complex compliance 

function: 

J* (33) 

The storage modulus ' and the storage compliance J' are proportional to the 

average energy storage in one cycle of the periodic deformation. The loss modulus 

G" and the loss compliance J" are directly proportional to the average dissipation of 

energy in one cycle of the periodic deformation [8]. An important material function is 

the ratio of energy lost to energy stored in a harmonic deformation. This function is 

the loss tangent, tang = G "/G' = J "/J'. Alternatively, the ratio of the complex stress 

to the complex rate of strain can be used for the description of an oscillatory 

experiment. This ratio is called complex viscosity 

ii (a)) = = 77 t_ 77 I (34) 

Then the so called dynamic viscosity is: 

and the imaginary part of i is given as: 

/0) 

(35) 

(36) 

When 0) - 0, the dynamic viscosity of a viscoelastic liquid approaches the 

steady flow viscosity i [1]. 
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Small amplitude oscillatory shear is an important experimental method for 

studying materials with very broad distribution of relaxation modes. The experiment 

has a spectroscopic character, since the time for obtaining a single data point is 

approximately equal to the period of the strain wave (2r/w). Thus specific relaxation 

modes with characteristic times of order 11co can be probed independently [9]. 

Theoretically, the relaxation modulus G(t) is the only material function required for 

the calculation of the stress, in linear viscoelastic material. Without the loss of 

generality, it is possible to approximate the relaxation modulus by the sum of 

decaying exponentials (Maxwell models): 

G(t)Ge +g1e- '' 

Similarly, the creep compliance can be approximated as 

J(t)=>Ji(1_etIAl)+ t/ 
/77 

(37) 

(38) 

The seth of parameters {g,, A1 }i12 N and {J, A1 }J12 M are discrete relaxation 

and retardation spectra, respectively. Relaxation (A1) and retardation (A1) times are 

associated with their spectral strengths g• and J,, [1]. It is possible to find arbitrary 

parameters (of the discrete spectrum), which will predict the macroscopic behavior. 

However, the problem of unicity of such a set can diminish the value of such an 

exercise. This problem can be avoided by using the continuous spectrum. If the 

number of Maxwell models is increased to infinity the result is a continuous 

relaxation spectrum H(A). In continuous spectrum the infinitesimal contribution 

H dA. to the relaxation modulus is associated with relaxation times from the 

interval (2,1+ dl). Since the time intervals involved in the study of viscoelastic 
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materials are very large it is sometimes preferable to use a logarithmic time scale and 

define the continuous relaxation spectrum as H dIn 2. With the help of continuous 

relaxation spectrum the relaxation modulus of linear viscoelasticity is given as, [1]. 

d2 
G(t)Ge + JHe_t12 __ 

2 0 

(39) 

It was shown by Winter [9] that the dynamic data contain all the information 

needed for calculation of the relaxation time spectrum. The storage and the loss 

moduli are given via the relaxation spectrum as [1]: 

oo 
G'(o)=Ge+$H(2)2 2 

0 

00 a2  d2 Gt1(o)= JH(A,) 
o 1+(a)A.)2 

(40) 

(41) 

Using the discretization of H (2) in to Maxwell modes Baumgartel and 

Winter [10] showed the equivalency of discrete and continuous spectra. The discrete 

forms of (40) and (41) are 

N (oA)2 
(42) G'()Ge +g,  

1=1 

N 

= 

1=1 1+(o4j)2 
(43) 
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Since experimental data sets extend only over a finite time 

window, 1/O)m ≤ t ≤ 1/COmm , only a finite number N, of Maxwell modes is accessible. 

According to [11, the simultaneous fitting of G'(cv) and G"(co) with optimization 

of g•, A,N and reconstruction of H (2) avoids the ill - posedness of the inversion 

of a single integral equation such (40) or (41). The work of Winter and coworkers led 

to a commercial software package IRIS which analyses the dynamic data 

(G'(co)7G"(w),tanô) and calculates the relaxation and retardation spectra for the 

tested material. This software package was used in analyzing the data presented in this 

thesis. 

In complete analogy with the continuous retardation spectrum, L (A), can be 

introduced. Then the continuous analogy of (38) is 

J(t)Jg +fL(A)(1_e-t1A) dA +)/ 
0 

(44) 

Here the instantaneous compliance Jg has to be added (even though it can be 

hardly measured) to avoid the singular stress in instantaneous deformation. The 

dynamic compliances can not be simply calculated from the relaxation spectrum 

however, they can be obtained from the retardation spectrum, [1]. 

J'(0))=Jg + 
L(A) dA 

.  
A 

J"(w (OA )=JL(A)  + 

0 1+(COA)2 dA A 770a) 

(45) 

(46) 
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Generally the relaxation and retardation spectra are related to each other see 

(10) and (11). The explicate expressions for calculations of one spectrum from the 

other are given in [1] . Even though this interrelation exists, it is still convenient to use 

both spectra. Generally the short - time process is better described by H and the long 

time processes are seen in more detail in L. 

The spectra are not directly accessible from experiments. It is relatively easy 

to obtain various material functions from the spectra however, the inverse problem 

(spectra from viscoelastic functions) involves approximations of various degrees. The 

spectra are most useful in theoretical studies of materials properties. Marvin [12] 

published a collection of formulas for calculating various viscoelastic material 

functions from spectra. 

So far, the dependence of viscoelastic material functions on temperature was 

not considered. For temperatures below the glass transition temperature the 

viscoelastic functions of many polymeric systems do not exhibit substantial changes. 

The situation is different in the transition zone between the glasslike and the 

rubberlike states where the viscoelastic properties of many materials show very strong 

dependence on the temperature and time or frequency. Similarly, strong changes can 

be observed, in some viscoelastic systems, in transition to the Newtonian-like liquid 

state. The attempts to describe, analytically, the temperature dependence of various 

viscoelastic functions are usually unsuccessful. Instead, the method of reduced 

variables is frequently employed. This method is based on the so called time - 

temperature superposition principle. According to this principle, in some 

thermorheologically simple materials, the frequency or time dependent data at 

different temperatures can be superimposed (by simultaneous horizontal and vertical 

shift) to form the so called master curve at a reference temperature, Tr, within the 

experimental range of temperatures [1]. The method was used for mechanical, 

dielectric and magnetic relaxation phenomena more then fifty years ago [13]. 

According to the method of reduced variables, if e.g. G' is measured at frequency o. 

and temperature T, it is equivalent to G' bT measured at frequency war and 
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temperature Tr. Here the factor b (of the vertical shift) is usually close to unity, since 

bT = (Trpr)/Tp , where, r denotes the reference temperature and p is the density. 

Master curves of various viscoelastic functions thus can be obtained by plotting: 

bTG (t) <* YaT 

b1-G' coa7-

bTG" oa 

YbT '* Yar 
Jlbr ' a)a 

•;Ibr <* oa 

bHi ar 

Yb1/aT 

(47) 

In some polymeric systems (e.g. low molecular weight uncross - linked 

polymers) the horizontal shifting factor is simply related to the Newtonian viscosity, 

710: 

ar = 710(T)Trpr/710(Tr)Tp (48) 

Time - temperature superposition can vastly extended the available frequency 

or time windows. Basic criterion for the applicability of this method is that all the 

viscoelastic functions should shift with the same shift factors. Most frequently used 

forms of the shifting factor aT are, Williams - Landel - Ferry (WLF) [1] 

Ioga = 

C2+TT 

-Cl (TTr) 
(49) 
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which holds generally for the temperatures higher than the glass transition 

temperature (Tg ≤ T ≤ Tg + 200K) 

and Arrhenius 

Ea(1 _ 1 ) 
Ina (50) 

where Ea is the activation energy and R is the universal gas constant. 

Arrhenius relation is usually applicable at temperatures below glass transition 

and for relaxations in crystalline polymers. Time - temperature superposition of 

experimental data yields values of shift factors at different temperatures and then the 

parameters in (49) and (50) can be evaluated. When these parameters are known, the 

appropriate master curve can be shifted to any temperature inside the experimental 

temperature interval. 

Until now, the attention was paid to the case of small and/ or slow 

deformations in which the linear viscoelastic constitutive equation can describe the 

studied phenomena. When strains and/ or strain rates are finite, the behavior of 

materials is much more complicated, [5,14,15]. Only few nonlinear phenomena are 

mentioned because they were observed also for the studied bituminous systems. 

First consequence of finite deformations is the appearance of normal stresses 

in simple shearing deformations. In these deformations the strain rate tensor rj has 

the form (Cartesian descriptions) 
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nj = 
O 1 0" 

100 

0 0) 
I (51) 

where y is a constant, but not infinitesimally small one. It can be shown [5], that the 

corresponding stress tensor has the form: 

Tij = 
T, 

T21 

T12 

T22 

0 

0" 

0 

T33, 

(52) 

The normal stresses T11 contain an indeterminate pressure, which is not given 

by the constitutive equation, but rather has to be determined from the boundary 

conditions. This isotropic pressure is eliminated in the normal stress differences, e.g. 

N1 =(7 —T22) and N2 =(T22 —T33 ). The first, N1, and the second, N2, normal 

stress differences can be measured in transient or oscillatory shear deformations [4]. 

Instead of N1 and N2 , the primary normal stress coefficients are usually introduced 

[4] 

Wi , • , and Y2 (53) 

N1 represents tension along stream lines, it is larger than N2 and of opposite 

sign. In the cessation of a steady shear flow N1 and N2 decay gradually with time, 

but the rate of decay is larger than for the decay of the shear stress. In oscillatory 

shear deformation, N1 and N2 oscillate with the double frequency of the shear strain. 

The two most accessible nonlinear phenomena are the non- Newtonian viscosity 

function and the stress relaxation. In viscoelastic liquids, the ratio T21 r' 21 I in steady 

shearing flows, is independent of 721 for 721 <<1. For higher shear rates this ratio is 

decreasing with increasing 721 and it defines the non- Newtonian, shear rate 
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dependent, viscosity i7. For shear rates approaching zero, the viscosity function 

approaches the constant value (zero shear viscosity The step strain experiments 

with the small strains yield the relaxation modulus independent of the applied strain. 

At large strains, the relaxation modulus is a function of time as well as the applied 

strain. For large strains, the relaxation modulus decreases with the increasing strain. 

The cessation of steady - state non- Newtonian flow is an alternative stress relaxation 

experiment. In this test, the shear rate during the steady flow has to be sufficiently 

large (non-Newtonian viscosity is observed). The relaxing shear stress, after an abrupt 

stoppage of the flow, depends strongly on the shear rate in the steady - shear part of 

the experiment, 4]. 

Experimental determination of viscoelastic properties is recently done in 

relatively sophisticated rheometres. Experimental methods depend on the consistency 

of the studied material. Bituminous systems have consistency varying from liquid to 

soft solid up to hard solid (paving mixes). This means that for the complete study of a 

bituminous system one has to employ the experimental methods involving different 

shapes of the tested specimens. It is assumed that the density of bitumen is not 

changing with the time (in isothermal experiments) and the gravitational forces are 

neglected. The inertial forces, which may play a role in the oscillatory experiments, 

are taken into a consideration in terms of correction factors incorporated in the 

software of modern rheometers. Under these assumptions and assuming that the 

deformations are infinitesimal, the strain/stress ratio can be related to 

displacement/force ratio or angular displacement/torque ratios by various form factors 

which depend only on the testing geometry. For the measurements on viscoelastic 

liquids the simple shear is the most common experimental technique. The geometries 

used for bitumens in liquid state were: torsion between parallel plates, torsion 

between cone and plate and rotation between coaxial cylinders, Figure 3.5 [1]. 



89 

M 

:1h 

r2 

a. torsion between parallel b. torsion between cone and c. rotation between coaxial 
plates plate cylinders 

Figure 3. 5 Geometries used for the study of liquid bitumen 

The geometric form factors are given by Ferry [fl: 

a) Torsion between parallel plates 

Y21 /T21 = bc/M 

b = 22rr4/2h 

b) Torsion between cone and plate 

= balM 

b = 2irr3/30 

c) Rotation between coaxial cylinders 
721 /T21 = balM 

b = 4,rt/(r_21 - r-22 ) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

where, M is the torque and a is the angular displacement (in radians). When 

'testing bituminous systems at low temperatures, the use of parallel plates or cone and 

plate geometry proved to be sometimes difficult (slip). These geometries, are not 
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suitable at all when testing asphalt mastic or paving mix. The torsion bar geometry 

was successfully used for these materials. The geometric form factor for a torsion bar 

with rectangular cross section, Figure 3.6., is, [1] 

Y21 A21 = ba/M (60) 

b=cd3q/16h (61) 

where a is the angular displacement M is the torque and q (c/d) is a 

numerical factor incorporated in the software of the used rheometer ARES - 

Rheometrics, Figure 3.6. 

h 

14 C 1P 

Figure 3. 6 Torsion bar geometry (rectangular cross section) 

When testing bituminous systems at very low temperatures, the flexural 

geometry, beam, is sometimes used. The geometry of beam with the knife edge 

support is given in Figure 3.7, [1]. 

£ 

Figure 3. 7 Rectangular bar - three point loading 
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In this setup, the extensional strain/ stress ratio is obtained from the 

displacement/ force ratio 

6/Dj- =bx2/F (62) 

where is the tensile stress, tensile strain a defined as u, + u,,, and x2 is the 

linear displacement which is perpendicular to the direction of stretch. The form factor 

is given as, [1] 

b=4cd/t3 (63) 
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ABSTRACT 

Polymer modified asphalt is highly temperature sensitive material. To obtain 

the master curves of dynamic material functions, for this material, one has to perform 

the testing over the temperature interval from -30 °C to at least 90 T. Since the 

polymer modified asphalt undergoes the transition from a glass-like to the Newtonian-

like material, in this temperature range, the benefit of using the three testing 

geometries is studied, here. The geometries used were: plate-plate (for the mid range 

temperatures); torsion bar (for the low temperatures) and bob and cup (for the high 

temperatures). The advantage of the combination of these three geometries is 

discussed. Stress and strain controlled rheometers were used to conduct all dynamic 

experiments. Master curves obtained by these geometries cover up to 20 decades of 

the reduced frequency. 

ZUSAMMENFASSUNG 

Polymer-modifizierter Asphalt ist ein temperaturempfindliches Material. Urn 

die Meisterkurven der dynamischen Materialfunktion zu erlangen, muss em 

Temperaturintervall van -30 °C bis mindestens 90 °C getestet werden. Weil polymer-

modifizierter Asphalt in diesem Temperaturbereich eine Transition von glasahnlichem 

zu Newton-gleichem Material durch macht, werden hier die Vorteile der drei 

Testgeornetrien untersucht. Die benutzten Geometrien sind: Platte-Platte (fUr 

Temperaturen in mittleren Bereich); Torsion balken (fUr niedrige Temperaturen) und 

"bob and cup" (hohe Temperaturen). Die Vorteile der Kombination dieses drei 

Geometrien wird diskutiert. "Stress and strain" - kontrollierte Rheometer wurden 

benutzt urn alle dynamischen Experimente zu kontrollieren. Meisterkurven dieser 

Geometrien decken bis zu 20 Dekaden der reduzierten Frequenz ab. 
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RÉSUMÉ 

Le bitume modiflé par des polymères est un materiel caracterizé par une 

grande susceptibilité thermique. Au fin d'obtenir les courbes maItresses pour ce 

materiel, on doit réaliser l'essai dans l'intervalle de temperature entre —30 °C et 

90°C. Puisque le bitume modiflé par polymères subit, dans cet intervalle de 

temperature, la transition vitreuse et celle a l'état Newtonien, nous avons étudié ici 
ltavantage possible d'employer les trois geometries d'essai.. Les geometries utilisds 

étaient: plat-plat (pour les temperatures moyennes de gamme); barre de torsion (pour 

les basses temperatures) et le plomb-tasse (pour les temperatures élevées). L'avantage 

de combiner les trois geometries est discuté. Toutes les mesures dynamiques ont eté 

effectuées evec les rhéomêtres a contrôle d'effort ou de contrainte. Les courbes 

maltresses obtenues par ces geometries couvrent jusqu'à 20 decades de la frequence 

réduite. 

KEY WORDS: Polymer modified asphalt, dynamic material functions, different 

geometries. 
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INTRODUCTION 

Asphalt is a material with complex chemical structure, which varies with its 

origin and the method of production. Rheologically it is possible to characterize 

asphalt as a viscoelastic material with high temperature sensitivity. It is generally 

believed that asphalt is also a rheologically simple material, i.e. the time temperature 

superposition principle (TI'S) applies to asphalt [1, 2]. Even though the time - 

temperatures superposition (method of reduced variables) or the properties of polymer 

modified asphalts are not the topics of this note we should briefly mention several 

seminal works dealing with these problems. In 1943 Leaderman [3] was the first to 

recognize the similarity between creep curves measured at closely separated 

temperatures. It is nowadays known that the similarity between viscoelastic 

parameters when measured at closely spaced temperatures is quite common and not 

restricted to a few relaxations, [4]. The procedure of superposing curves at different 

times (frequencies) and temperatures is known as time - temperature superposition 

and the resulting curves - master curves cover large time or frequency domains. The 

method presents a valuable simplification by separating two principal variables (time 

and temperature) on which the viscoelastic properties depend. An important criterion 

for the use of method of reduced variables is that the shapes of the original curves at 

different temperatures must match over a substantial, range of frequencies or times. 

Equally important criterion of applicability of the method of reduced variables is the 

requirement that the same values of the horizontal shifting factor must superpose all 

viscoelastic functions [5]. 

For example, in dynamic experiments the effect of a change from temperature I 

to Tr is to multiply the dynamic moduli by Tr Pr/TP and multiply the frequency by 

the horizontal shifting factor aT. In many systems the density ratio (Pr/P) is due to 

thermal expansion. 

A thorough discussion of the method of reduced variables can be found in [5]. 

From the mathematical point of view the form of log aT, as a function of temperature, 
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has to be a smooth function. For the great majority of relaxations the shifting factor aT 

is given either by the Arrhenius equation [4] 

Mu I 
In a1=—i--- 

R  T 
(1) 

where FT is the activation energy, Tr is the reference temperature and R is the 

universal gas constant, or by the Williams-Landel-Ferry (WLF) equation, [5] 

loga = — cj(T —Tr) 
c2 +TTr 

where Cl and c2 are constants. 

(2) 

WLF equation is nearly always applicable to the glass-rubber relaxation 

(transition). The Arrhenius equation is usually applicable at temperatures below the 

glass transition and for relaxations in crystalline polymers. 

From the rheological point of view the conventional asphalt behaves similarly as 

a low molecular weight polymer [6]. When the conventional asphalt is modified by 

blending it with a polymer the properties of the base asphalt may change substantially, 

see e.g. [7-17]. Depending on the type and the amount of polymer and the method of 

blending various degrees of cross-linking can be obtained in polymer modified 

asphalts. Then the viscoelastic properties of these new materials are more pronounced 

and the attempts to characterize them by criteria developed for conventional asphalts,, 

may fail. Sometimes an unexpected behavior is observed. For example a non-

monotonous viscosity function was detected in some asphalts modified by SBS 

polymers [18]. Any asphalt, and especially the modified one, is a material with high 

temperature sensitivity. This sensitivity presents a challenge to experimentalists. It is 
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not so easy to obtain satisfactory master curves of viscoelastic material functions for 

polymer modified asphalts. Experimental methods depend on the consistency of the 

tested material. Hence for example, to obtain the dynamic material functions of a 

polymer modified asphalt covering all the important transitions one has to test the 

sample over a broad temperature interval ( -30°C, 90°C or higher). In such a 

temperature interval the consistency of the sample changes from a liquid to the soft 

viscoelastic solid. Thus at least two different testing geometries should be used. The 

advantages and problems associated with such testing are discussed in this note. 

In attempts to improve the properties of asphalt, as a binder in paving mixes, it is 

often modified with selected polymers [19, 20].Their rheological characterization (in 

the linear viscoelastic region) is important in order to evaluate the role of the 

modifying polymer. This characterization is usually done in small amplitude shear 

oscillations and the goal is to obtain the master curves of dynamic material functions 

(as complete as possible). Sinusoidal oscillations are performed in an optimum 

frequency window at various temperatures and then by applying the principle of the 

time-temperature superposition the master curves of the loss tangent (tan 6), storage 

modulus (G') and the loss modulus (G") are constructed. The linear viscoelastic 

behavior of asphalt (conventional and polymer modified) is "bounded" by the two 

main transition's. The first one is the transition to the glassy state and the second one is 

the transition to the state of Newtonian liquid. Both transitions are important for the 

asphalt paving industry (rutting and low temperature cracking are the two main 

distress modes of many roads and highways). Of course equally important is the 

thermo-mechanical behavior of asphalt between these two extremes. The glass 

transition region of asphalt usually starts at temperatures of about -20°C and the 

Newtonian region may start at temperatures of about 70°C. Thus typically the 

dynamic testing of asphalts is done in temperatures ranging from -30T to 90°C. Since 

in this temperature interval asphalt can change from a glass-like to a liquid-like 

material, it is often difficult to use only one testing geometry, e.g. cone and plate (CP) 

or the plate-plate (PP) geometry. Using the PP geometry at subzero temperatures can 
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lead to the two main difficulties. At low and intermediate temperatures, asphalt binder 

is solid-like and slip or breaking of the sample may occur during the test. Slip is 

caused by small adhesion between the sample and plates. To prevent slipping, parallel 

plates with serrated surface are often used. Brittle fracture, caused by the glassy 

structure of the material can be only eliminated by using smaller frequencies. Another 

problem is related to the compliance of the transducer - it is not indefinitely stiff [2 1] 

and the measurements may produce errors which can not be eliminated by any 

calculations [22]. 

It is our aim to show that by combining the three different testing geometries it is 

possible to obtain master curves of dynamic material functions of polymer modified 

asphalts on a very wide domain of reduced frequencies. Moreover, it is shown that at 

low and high temperatures erroneous results can be obtained when only the PP 

geometry is used. It is worth of noting that the present results were obtained by 

combining the dynamic testing from two different rheometers; strain control ARES of 

Rheometric Scientific and stress control CVO of Bohlin Instruments Ltd. Both 

rheometers are used in the melts configuration, i.e. the electrical convection oven is 

used as the environmental chamber for the testing. Both rheometers allow testing 

asphalt samples in the PP (or CP) geometries. The strain control rheometer allows 

also the testing of asphalt samples in the form of torsion bars (TB) preferred for the 

low temperatures. Strictly speaking, our stress control rheometer is equipped with this 

testing geometry, too. However, the TB have to be shorter because the oven cavity is 

smaller and it is very difficult to prepare such small TB from asphalt. On the other 

hand, our stress control rheometer is equipped with the small bob and cup (BC) 

geometry, which can be used in the convection oven thus allowing the high 

temperature testing of asphalt samples. Schemetic picture of the used geometries is 

given in Figure 1. 
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EXPERIMENTAL 

Materials 

Two conventional asphalts, one of 200/300 Pen grade and one of 70/100 Pen grade 

were modified by the radial styrene-butadiene-styrene polyblock copolymer (SBS). 

For the future reference the material (base asphalt 200/300 Pen grade with 4% of 

SBS) is denoted as material A, and the material (base asphalt 70/100 Pen grade with 

5.5% of SBS) is denoted as material B. 

Equipment 

The experiments with PP and TB geometries were conducted in the strain 

control rheometer Rheometric Scientific with ARES (Advanced Rheometric 

Expansion System) operational system. The instrument is capable of subjecting a 

sample to a dynamic (sinusoidal) shear strain (deformation), by measuring the 

resultant torque in response to the prescribed deformation. The transducer is attached 

to the upper plate (torsion bar). Movement, ensured by motor, is applied to the lower 

fixture. When in dynamic mode, the instrument is capable to measure torque values in 

the range from 0.2 up to 2000 gem. The maximum angular deflection for sinusoidal 

strain is 0.5 radians from either side of zero position. 

The second apparatus used, was the controlled stress rheometer (CVO) 

manufactured by Bohlin Instruments Ltd. The operational system, ver.6,30, enables 

automated gap and temperature control setting. Torque is applied by rotating the inner 

upper fixture. 

Since properties of the studied materials are temperature dependent, special 

attention is given to the temperature control. In both rheometres, hot air is used as a 

medium to heat materials at high temperatures. At low temperatures, the 

environmental chamber is cooled by liquid nitrogen. Thermometers, which control 

the temperature in the oven, are in the contact with the lower fixture (plate or coaxial 

geometry) in order to ensure maximum temperature accuracy of the measured sample. 

The temperature controller for the TB set up is inside the environmental chamber. 
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TESTING AND PROCEDURES 

Plate and plate 

Hot asphalts binders were poured into the rubber molds. The amount of 

material transferred depended on the size of the used plates. To prevent samples from 

substantial material changes caused by aging, samples ware tested within 12 hours 

from pouring. After the specimen was placed on the lower plate, the gap was 

automatically set, to 0.05 mm above the desired thickness. The sample was trimmed 

approximately 15 minutes after it solidified. Subsequently, the upper plate was moved 

into the required position. 

Plates of 25, 40 and 50 mm gave the best stress response for given materials at 

temperatures up to 90°C. Plate diameters of 6, 8 and 10 mm with the serrated surfaces 

were used for the subzero temperatures up to -30°C. The gaps were set in the range of 

1.2 to 1.7 mm, with respect to testing temperature and material. 

Torsion bar 

The following procedure was developed at the University of Calgary and after 

several month of evaluation it can be considered successful: The aluminum mold was 

designed to produce asphalt bars with following dimensions 35 x 12 x 2.7 mm. The 

releasing agent composed of glycerin and talk treated the inner sides and the bottoms 

of the mold. The fluid binder (160°C) was poured into the preheated aluminum mold 

at temperature of 150°C. After the cooling period of 45 minutes, samples were 

trimmed by hot spatula and moved to freezer. Prior the test, samples were removed 

from the mold and mounted in a vertical position for the test. Before the test, the 

proportions were checked by the micrometer and all changes recorded and used in 

further calculations. 
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Bob and cup 

Asphalt binder was heated in the oven. Five grams of material were poured 

into the preheated cup with temperature of 100°C. The bob was submerged into the 

liquid sample until the defined vertical gap of 0.150 mm was reached. The radial 

distance between outer and inner cylinder was 1.8 mm. Approximately 15 minutes 

after the temperature equilibrium was reached, the auto stress mode was applied 

during the oscillation test. Frequencies were similar as in the case of PP geometry, 

ranging from 0.05 to 5 Hz. 

As far as the TB geometry is concerned, our experience is that it can be used 

to measure dynamic material functions, in asphalt binders, at low temperatures. In this 

case the frequency range may vary with the material and the temperature, however the 

time temperature superposition is possible to apply. Upper temperature limit is 

determined by softening of the asphalt sample. The BC geometry can be used only 

when the viscosity of the sample is not very high - only at high temperatures. 

RESULTS AND DISCUSSION 

Both materials A and B satisfy the time-temperature superposition principle 

reasonably well, see Figures 2,3, and the WLF form can be used to fit the horizontal 

shift factor. The fits for both polymer modified asphalts are shown in Figures 4, 5. 

The low temperature moduli from the PP and TB geometry were compared. Examples 

of three isotherms (for the sample A) measured at -22°C, -26°C, -301C were shifted to 

Tr = 22°C. 
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The results are shown in Figures 6, 7. It can be seen that the shifted data of 

dynamic moduli and the loss tangent, from PP, are scattered around the TB data. The 

smaller the frequencies, for each measured isochrone, the better results were obtained 

by TB. The advantage of TB geometry is not that obvious (for this sample) when the 

data of complex viscosity are plotted, Figure 8. This of course being the consequence 

of the definition of the complex viscosity 6*1 = IGI/ 

The largest PP and BC geometry were used to measure the dynamic behavior of 

both samples at high temperatures. Figure 9, portrays the master curves of the storage 

and loss moduli for the sample B at high temperatures. At temperatures higher than 

90°C the PP geometry did not give a reliable results and the BC geometry had to be 

used. When plotting the loss tangent function it is clearly seen that the BC geometry is 

the preferred one, Figure 10. This figure not only shows that with PP the dynamic 

measurements at 

T> 90°C had to be discarded, moreover at, T - 901C, the behavior of the loss tangent 

is not captured well. As already mentioned, the good master curves (for both samples) 

can be composed from the dynamic data obtained in all three geometries. Especially 

by adding the TB and BC geometries to the commonly used PP geometry the domain 

of the reduced frequencies is so wide that both principal relaxation are captured, see 

again Figure 2, 3. 

The sample B (harder base asphalt and higher content of SBS) is a definite 

candidate for BC geometry, when tested at high temperatures. Note, from Figure 3, 

the inability of PP geometry to determine the value of the limiting complex viscosity 

at low reduced frequencies. 

It is always prudent to check the behavior of all dynamic functions when 

constructing the master curves of the storage and loss moduli. Sometimes one can 

encounter a dubious practice to present only the master curve for the magnitude of the 

complex modulus, without the checking master curves for other dynamic functions 

this can lead to very erroneous conclusions. 
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CONCLUSIONS 

Dynamic testing of highly temperature sensitive materials, e.g. asphalts, may 

require the use of three different fixtures: PP, TB and BC. Each of the three 

geometries presents advantages and disadvantages depending on the operating 

temperature (linear viscoelastic behavior of the tested material is assumed). Therefore, 

in order to obtain good data in the whole temperature range where material changes 

from brittle solid to fluid, it is favorable to use all the fixtures. The shift from one 

fixture to another must be done at a temperature which depends on the viscoelastic 

properties of the material. In the case of asphalt, it is theoretically possible to measure 

the rheological properties using PP in a wide range of temperatures. However, when 

close to glass transition the slip and breaking can occur thus leading to very scattered 

and noisy data. Such problems are almost eliminated with TB. On the other hand, 

close to the room temperature, asphalt starts to become soft and it is not able to 

support its own weight and keep the shape of the torsion bar. The slip and breaking 

cause no more a problem for PP geometry which starts to give better data. PP (and 

CP) geometry remains the best one until the material approaches the liquid state. In 

this case the tendency to flow out from the space between the plates and the low 

torque values (due to the limited PP surface) appeared. Both problems can be solved 

with a BC fixture giving more reliable data than PP in this case. In conclusion, this 

note gives examples of isotherms obtained with three different geometries and two 

rheometers. Temperature intervals used for the testing in all three geometries are 

given in Figure 11. For both studied polymer modified asphalts the data can be 

successfully shifted into the master curves of dynamic material functions. The 

importance of the requirement that the same values of the horizontal shifting factors 

must superpose all the viscoelastic functions is also stressed. 
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3.3 Structural transitions in asphalt 

In viscoelastic materials the way of packing the molecules is of great importance 

in determining their physical behavior. Similarly important are various local 

inhomogenities (defects) of the structure. Thus the structural transitions in viscoelastic 

materials are generally accompanied by changes in various material functions. There is a 

temperature, called the glass transition temperature, Tg, below which atoms or molecules 

can not rearrange. Further cooling produces only decrease vibrational amplitude, so there 

is a discontinuity in the thermal expansion or contraction temperature, Figure 3.8. Below 

the Tg temperature, material is brittle and nondeformable. The atomic and molecular 

rearrangements are impossible in the glassy stage, the volume changes are limited to the 

changes in the amplitude of thermal vibrations. 
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Figure 3.8 Schematic depiction of glass transition temperature 

Asphalt may exist in the solid state (mostly amorphous), as a viscoelastic fluid 

(rubberlike) and in a viscous fluid state. Asphalt molecules, similarly as in polymers, can 
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form aggregates of different form and size depending on the preparation and on the 

thermal history of the material. Such aggregate structures can be present even in the fluid 

state of the material. Structural inhomogenities can be generated by the different 

thermodynamic behavior of aggregates with respect to that of small molecules. Melting 

of solid state is regarded as a structural transition in which a more ordered system 

becomes less ordered. It is possible to regard the transition from one aggregate form into 

another as a structural transition because it involves a large scale rearrangement of the 

structure. Such a transition is the glass - rubberlike transition in asphalt. Here the rigid 

glass with a specific structure is transformed to the viscoelastic fluid state which has 

another structure. Generally, the glass transition strongly depends on the direction and the 

rate of the temperature variation. 

Structural transitions are usually accompanied by the following macroscopic effects: 

1. The specific volume of the material changes abruptly at the transition 

2. Differential calorimetry records the enthalpy change at the transition 

3. The temperature dependence of the mechanical (or dielectric) relaxation can not 

be described by simple Arrhenius equation 

4. Structural transitions are sensitive to the thermal history of the material 

Usually, the main transitions are characterized by the main transition temperatures 

and they are labeled by Greek letters. Glass - rubber transition - a, liquid - liquid 

transition, - a', glass - glass transitions - 3, y, 5 (with decreasing temperature). Structural 

transitions appear with different intensity in various material functions, depending on the 

sensitivity of the appropriate function to the characteristic parameter of the transition. 

The most prominent change in the macroscopic behavior of asphalt occurs at the glass 

transition where the rigid glassy solid becomes a viscoelastic fluid. At this transition the 

mechanical strength of the material decreases rapidly. There is an abrupt change in the 

thermal dilatation, the thermal conductivity, mechanical loss at a periodic stress, 

dielectric lbss and static dielectric constant also change by passing through this transition. 
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ABSTRACT 

The effect of polymer modifiers on the properties of paving bitumens is studied. It 

is argued that polymers able to incorporate orientation effects into their blends with 

conventional paving bitumen are modifiers which improve the high-temperature 

properties of the base bitumen. 

KEY WORDS: polymer-modified bitumens, dynamic material functions, and shear 

viscosity function 

INTRODUCTION 

Bitumens are multiphase systems with rheo logical behavior resembling that of the 

low-molecular-weight polymers. In a primitive structural model, bitumen consists of 

maltenic and asphaltenic phases. Maltenes can be represented by a mixture of different 

hydrocarbons, ranging from aliphatic to aromatic species. This part of bitumen belongs to 

the highest-boiling-point fraction of lubricating oils. Asphaltenes can be described as 

multipolymers, i.e. polycondensate substances with different repeating blocks associated 

by inter- and intramolecular interactions. Macroscopically, asphaltenes consist of clusters 

randomly distributed in low molecular weight homologues. Thus, it is possible to say that 

bitumen is a multidisperse micellar system with a complicated internal structure. 

The majority part of the world's 'bitumen (asphalt) production is used by the 

paving industry. Although asphalt constitutes only a fraction of the paving mix used in 

asphalt pavement, it has a significant impact on the performance of pavements. With 

ever-increasing traffic load worldwide, it is not surprising that various improvements of 

the engineering properties of asphalt are sought. One promising method is the blending of 

conventional bitumen with small amounts of various polymers. 

The most common elastomer used in modifications is the styrene-butadiene-

styrene polyblock copolymer (SBS). Triblock copolymers such as SBS can be linear or 
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radial. In the linear molecule, the polystyrene blocks occur on each end of an elastomeric 

block - polybutadiene. In radial SBS, molecules have a star structure with more than three 

polystyrene blocks. Polystyrene endblocks unite and form uniformly distributed 

polystyrene domains, i.e. a crosslinked network is formed. The continuous phase of the 

rubber chains between domains forms the rubber network. Rubber chains are 

immobilized in the domains. This type of crosslinking is reversible and the physical 

properties are not changed by repeated heating and cooling [1]. It is on account of this 

reversibility that SBS is frequently used as a modifier in bitumens. 

The plastomeric ethylene-vinylacetate copolymer (EVA) is another popular 

modifier of paving bitumens. By increasing the vinylacetate content, the flexibility and 

toughness of EVA can be increased. The glass transition of EVA is also strongly 

dependent on the amount of vinylacetate [2]. 

In the blend of the base bitumen and a polymer modifier, one can find a phase 

rich in polymer (polymer and part of maltenes adsorbed by polymer), another phase rich 

in asphaltenes that are not adsorbed by the polymer, and a phase formed by maltenes. 

When the concentration of polymer is low, a continuous bitumen phase with dispersed 

polymer is observed. The properties of the blend are then determined by the base 

bitumen. By increasing the concentration of polymer (depending on the type of polymer 

and its molecular weight), a continuous polymer phase with a dispersed asphaltene-rich 

phase can be found. In this case the polymer determines the properties of the blend. The 

properties of bitumen-polymer blends usually start to change at concentrations of 4% - 

6%, depending on the polymer. 

RHEOLOGY 

Dynamic material functions represent an important tool for studying the internal 

structure of bituminous materials. Since the viscosity of bitumens is strongly temperature 

dependent, the viscous deformation also strongly contributes to the dynamic material 
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functions at low frequencies (higher temperatures) [3]. Such a contribution is implicit in 

all dynamic material functions except the loss compliance in which it is present 

additively [4]. 

J"(a)= L(,l)cD,%  
170(L) 

(1) 

Here L(2.) is the retardation spectrum and i10 is the zero-shear viscosity at the 

chosen reference temperature. By subtracting the viscous deformation from the loss 

compliance, one can define the modified loss compliance ill. (v)= J"(o.)-1/iw and the 

modified loss tangent function tan g. (w) = J"0 (a)/J' () In conventional bitumens, the 

modified loss tangent has one strong maximum. This maximum is positioned at tile 

frequency at which the difference between the energy dissipated in a "nonviscous" 

manner and the energy stored in one cycle is maximal. At frequencies where the 

"nonviscous" dissipation is greater than the elastic energy, some parts of the structure are 

"freed", i.e. one can observe structural transitions on the graph of the modified loss 

tangent function. Moreover, on such graphs the structural changes are not "shielded" by 

the viscous flow deformation. It is clear that the successful construction of modified 

functions requires the knowledge of master curves of dynamic material functions 

(covering as broad as possible domains of the reduced frequencies) and the knowledge of 

the zero-shear viscosity, at the studied reference temperature. The appropriate value of rio 

can be estimated from the asymptotic behavior of the loss compliance, J" [3]. Recently, 

we have tried to verify such estimates by direct measurements of the steady shear-

viscosity function, It was found that the viscosity function of conventional bitumen 

behaves as a classical non-Newtonian viscosity function. Moreover, the steady-state 

viscosity measurements agree well with the magnitude of the complex viscosity obtained 

from the dynamic measurements. Surprising results were obtained for the blends of the 

base bitumen with SBS. In these blends, the magnitude of the complex viscosity and the 

steady-state viscosity functions again overlap at low shear rates and the corresponding 
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reduced frequencies. However, since the dynamic measurements usually do not cover the 

lowest end of shear rates, the assumption was that the steady shear viscosity measured at 

low shear rates can lead to a more precise estimate of the zero-shear viscosity, lo (than 

the estimate from the asymptotic behavior of J"(c)). Surprisingly, in some blends the 

leveling of i(>) - indicated also by the leveling °I'i * (a, is followed by increasing 11, 

which finally reaches the plateau of r' at even lower shear rates. Such a behavior is 

known to exist in liquid crystalline polymers (LCP) [5, 6]. 

EXPERIMENTAL 

The base bitumen of 200/300 Pen grade was modified by: radial SBS (SBSr) with 

average molecular weight 150 000 and S/B ratio 3/2; linear SBS (SBS1) with average 

molecular weight 100 000 and S/B ratio 3/7; high-molecular-weight EVA with 25% of 

vinyl acetate. Dynamic material functions and the steady-state viscosity functions were 

measured in the Rheometric Scientific strain-control rheometer ARES 33. The testing 

geometries were PP and CP. The maximum strain was kept below 2%, and temperatures 

of testing were changed within the range of -30° C to 80° C. The dynamic data were 

shifted into master curves of J', J" and tan 8 The horizontal-shifting factor fits the WLF 

equation very well [3]. The viscosity data of blends could be superposed only at low 

shear rates on the other hand; the viscosity data of the base bitumen superpose at even 

higher rates (up to > = 100 us). After choosing the high-temperature viscosity data (70° 

C or 80° C), the dynamic material functions were shifted to these temperatures and ii 

was calculated. The graphs of magnitudes of the complex viscosity functions overlap 

very well with the higher shear rate ends of the graphs of 

DISCUSSION 
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The typical behavior of conventional bitumens is shown in Fig. 1. This is the 

above-mentioned base bitumen with TO = 18.08 Pa.s, at 700 C. Its viscosity function has a 

non-Newtonian character, and the modified loss tangent has a strong maximum at a 

frequency of about le+05 rad/s. Transition to the Newtonian liquid state is manifested by 

a local maximum of the modified loss tangent at a frequency of about le+02 radls. 

Another example is the base bitumen blended with 6% of SB Sr. The presented data, Fig. 

2, are at 80° C. The viscosity function has two plateaus. The lowr one, at about 92 Pa.s, 

is the plateau reached by I *1 and the higher one (at about 115 Pa.$) determines the zero-

shear viscosity, lo• On the graph of the modified loss tangent one can see the main 

maximum at a frequency of 5.5e+05 radls. The local maximum positioned around le+01 

radls identifies the lower viscosity plateau. The zero-shear viscosity plateau (115 Pa.$) is 

not captured by tan 8e because there is not enough dynamic data at low frequencies. One 

can argue that the difference between the two viscosity plateaus is small (which is 

certainly true from the engineering point of view), and thus the transition to the 

Newtonian liquid state is adequately captured by the local maximum of tan 8e at a 

frequency of le+01 radls. From the structural point of view, the presence of two plateaus 

on the viscosity graph is of course important. As mentioned above, a similar situation is 

observed in LCPs, where the orientation changes of fibrillar morphology are responsible 

for the changes in the shape of the viscosity function. In the case of the studied bitumen-

SBS blends, one can assume that the oil phase of the bitumen swells the polystyrene 

phase, thus simulating the effect of higher polystyrene concentration. The consequence of 

this concentration increase is the deformation of the rubber- phase network. The rubber 

phase becomes first rod-like and then plate-like, thus bringing orientational effects into 

play, similarly as in the case of LCPs. 

CONCLUSION 
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The described effects can be observed in all the studied blends (concentration 

greater than 1%) of the base bitumen and the SBS. On the other hand, various blends of 

EVA polymer and the base bitumen exhibit a behavior similar to the base material. 

Moreover, the viscous deformation contribution is much lower for SBS blends than for 

EVA blends. This points to a group of polymer modifiers with the ability to introduce the 

orientation effects into the blends as effective bitumen modifiers, especially at high 

temperatures. 
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ABSTRACT 

A rapid deterioration of many roads and highways paved with asphalt is recently 

generating a growing interest in polymer modified asphalts. Asphalt is commonly 

characterized by its dynamic material functions. In such a characterization, the 

unmodified asphalt exhibits three main transitions. The first one is the transition from a 

viscoelastic fluid-like behavior into the Newtonian fluid behavior. The second transition 

is characterized by the maximum of the modified loss tangent function (Newtonian 

dissipation subtracted), and the third transition is the transition to the glassy state. 

Blending the base asphalt with a selected polymer can modify these three transitions. 

KEYWORDS: ASPHALT, STRUCTURE, TRANSITIONS, VISCOELASTICITY, 

MODIFICATION 

INTRODUCTION 

It is believed that even though asphalt constitutes only a small fraction of the paving 

mix, used in asphalt pavements, it has a significant effect on the performance of 

pavements. Some of the physical properties of asphalt modified by polymers vary from 

those of conventional asphalts [1]. Various material functions of "pure" and modified 

asphalts follow patterns typical. for polymeric materials [2]. At higher temperatures 

asphalts behave as Newtonian fluids. This behavior can persist to moderate temperatures, 

however its role is decreasing with decreasing temperature as seen on the graphs of the 

loss tangent. Polymer modifiers can strongly influence this material function. From the 

structural point of view asphalt consists of maltenes (a mixture of hydrocarbons ranging 

from paraffinic to aromatic species) and asphaltenes (polycondensed substances with 

different repeating blocks, sometimes considered to be multipolymers). Generally, and 

particularly at lower temperatures, blends of asphalt and elastomers ( e.g. SBS) and 

blends of asphalt and plastomer (e.g. ethylene copolymers) are multiphase systems on a 
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microscale. At low concentrations of polymer a continuous asphalt phase with dispersed 

polymer is observed. At concentrations above 4% (by weight) a continuous polymer 

phase with dispersed asphaltene rich phase is observed. In concentrations of 4-5% of 

polymer an interconnecting continuous phases are observed. The challenge then, is to 

find a suitable base asphalt and the right polymer that may form a blend with improved 

physical properties. Rheological properties of the base asphalt modified by the high 

molecular weight radial SBS, linear SBS and EVA polymers are discussed in this 

contribution. 

POLYMER MODIFIERS OF ASPHALT 

The most commonly used modifiers, in paving asphalts, are thermoplastic polymers. 

They are loosely divided into two groups, elastomers and plastomers. Elastomeric 

styrene-butadiene-styrene copolymers, and plastomeric ethylene-vinyl acrylate 

copolymer were used in this study. Triblock copolymer SBS can be linear or radial. 

Typically the styrene blocks are positioned on the outside and are chemically bonded to 

the center elastomer block. Usually the star polymer has lower viscosity due to the 

smaller hydrodynamic volume of its macromolecule. In contact with asphalt the central 

elastomer blocks swell (absorbing a significant portioh of the maltene fraction) and the 

polystyrene blocks, which are less compatible with the asphalt, are separated in isolated 

domains. The SBS polymers used in road binders have MW 80000-300000, and styrene 

generally accounts for 20-30% of the total weight of polymer. There is a critical 

concentration (6-10%) in which the continuous phase consisting of the asphalt matrix 

changes to the one in which the continuous phase consists of the swollen polymer. A 

variety of plastomeric homopolymers and copolymers can be used to modify asphalt. 

Paving applications use usually EVA copolymers, EMA copolymers (ethylene and 

methyl acetate) or EBA copolymers (ethylene and butyl acrylate). The hydrocarbon 

backbone in these materials is responsible for the rigidity and cohesion, which vary with 

the length of the chains and the crystallinity. 



133 

In this contribution the base asphalt of 200/300 penetration modified by the high 

molecular weight radial SBS, the low molecular weight linear SBS, and by EVA is 

studied. The 4% concentrations of the mentioned polymers in the base asphalt are studied 

in the small amplitude oscillations. One sample of the base asphalt modified by 8% of the 

radial SBS was also studied. 

THE EFFECT OF VISCOUS DEFORMATION 

The viscous deformation is hidden in all linear viscoelastic material functions and 

there is only one dynamic material function where it is present additively [3]. This 

function is the dynamic loss compliance J" which is dominated by the asymptotic term 

(lIcjzT), at low frequencies. It is possible to construct a modified loss compliance 

function J, 

ie = J"()—l/io (1) 

in which the effect of viscous deformation is suppressed (here zi is the reduced 

frequency). In conventional and polymer modified asphalts the modified compliance has 

a strong peak at the frequency, which defines the transition from the viscoelastic fluid to 

the Newtonian fluid [4]. With the help of the modified loss compliance function one can 

define also a modified loss tangent function 

tan 5e ill  (2) 

where J' is the storage compliance. 

This function decreases to zero when the material is approaching its Newtonian liquid 

state, and also when the material is approaching its glassy state. The possible local 

extrema, between the two limiting states of the material characterize various structural 

changes in the material. Some of those transitions could be masked by the viscous 

deformation and thus might not be always visible on the plots of the loss tangent. In 

dynamic testing of asphalt, one can recognize two limiting transitions of the material. The 

first one (Newtonian) is defined by the absolute maximum of the modified loss 
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compliance, j, and the second one (glassy) is defined by the absolute maximum of the 

loss modulus G". 

Dynamic material functions, defined in the frequency region, can be transformed 

into the temperature region if the time-temperature superposition principle is valid, and if 

the explicit form of the time-temperature shifting factor is known. We have found that 

these conditions are satisfied for conventional as well as polymer modified asphalts [4]. 

The Williams-Landel-Ferry (WLF) [5] form of the time-temperature shifting factor has 

been used and the dynamic master curves were transformed to appropriate isochrones for 

the frequency 10 rad/s. 

EXPERIMENTAL 

All the reported measurements were performed on ARES 33 of Rheometric 

Scientific. The testing geometry was of the plate-plate type, with diameters ranging from 

6 to 50 mm. The gap was 1-2 mm, and temperatures were ranging from -30 °C to +80 °C. 

The maximum strain was kept bellow 2% to ensure that the measurements are in the 

linear viscoelastic region. The sets of experimental values were used as the entry in the 

time-temperature shifting software and the master curves of appropriate dynamic material 

functions were obtained. The reference temperature used is 0 °C. The horizontal time-

temperature shifting factor aT was fitted to the WLF form, and only this form was used 

for the construction of isochrones. The low frequency asymptote of the loss compliance 

(master curve at the given reference temperature) was numerically determined and the 

modified loss compliance function j calculated. The positions of the main peaks of j 

and Ut' determine the transition frequencies - Newtonian and glassy transitions, for the 

studied material. For better comparison one can use the reduced functions j, and G 

(normalized by maxima). Modified loss tangent functions were calculated according to 

Equation (2). Finally, various master curves were transformed into isochrones, by using 
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the WLF form of the horizontal shift factor. No vertical shifting was necessary for all of 

the studied materials. 

DISCUSSION 

The time-temperature shifting factors for all the discussed materials are portrayed 

in Figure 1. Temperature susceptibility of modified asphalts seems to be very similar to 

the one of the base asphalt. The loss moduli for some of the studied materials are shown 

in Figure 2. The modified loss compliances, for the base asphalt and its blends with SBS 

and EVA polymers, are portrayed in Figure 3. Figures 4 and 5 show the modified loss 

tangent and the isoebrones of several material functions for the blends of SBS and the 

base asphalt. Note the transitions developed in 8% blend and a different low temperature 

behavior for this blend. A total spectrum of transitions can be seen from the isochronal 

plot of the reduced and modified loss modulus, loss compliance and the loss tangent. The 

same materials as in Figure 4 are portrayed in Figure 5. Here the most left peaks 

determine the glass transitions and the most right peaks represent the transitions to the 

Newtonian liquid state. More details, for all the studied asphalts, will be given during the 

presentation of the paper. 

CONCLUSION 

Modified dynamic material functions, from which the effect of viscous 

deformation is subtracted, can be useful in identifying the transitions in conventional and 

polymer modified asphalts. The role of the type of polymer, its architecture and its 

concentration in the base asphalt is also captured by these functions. 
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ABSTRACT 

Shear vibrations in conventional and polymer modified asphalt binders are studied 

herein. It is shown that by using dynamic compliances instead of moduli one can separate 

viscous deformation effects from total deformation and define the modified dynamic loss 

compliance and modified loss tangent functions. These two material functions appear to 

be more sensitive to the rheological behavior of asphalt binders and to changes caused by 

polymer addition than are viscoelastic moduli. The characteristic temperature of the 

transition from the viscoelastic to viscous behavior of asphalt binder (Tv) can be 

identified by using the viscous asymptote J". The damping of shear vibrations that likely 

relates to the internal structure of asphalt material can be described by the modified loss 

tangent. 

The rheological behavior of the base asphalt 200/300 Pen grade and its blends 

with different amounts of radial SBS rubber is investigated. Using master curves of 

dynamic functions and the WLF (Williams-Landel-Ferry) form of the shift factor, 

isochrones of the original and modified dynamic material functions are constructed. 

Characteristic temperatures of the viscous transition (Tv) and the glass transition (Tg) are 

determined. Damping behaviors of the base and modified asphalts are studied. 

KEY WORDS: modified asphalts, viscoelasticity, shear oscillation 
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INTRODUCTION 

Even though asphalt constitutes only a small fraction of a paving mix used in 

asphalt pavement, it has a significant impact on pavement performance. For this reason, 

interest in improving asphalt engineering properties has risen dramatically, in recent 

decades. It is widely accepted (e.g., 1, 2, 3) that adding small amounts of selected 

polymers can significantly change and/or improve asphalt properties. There is also 

enough evidence linking this improvement of binder properties to the improved 

performance of paving mixes. 

Blending or modifying asphalts with small amounts of some types of polymers 

has been done both experimentally and, to a lesser degree, commercially for a long time. 

What has been lacking, however, is not only the theoretical base for a combination of 

these materials, but also a sound base to describe their properties pertinent to 

performance in pavements. 

Before the introduction of the SUPERPAVE specification, the available 

specifications did not capture the differences between the properties of conventional and 

modified asphalts or between modified asphalts at all. In some cases, the specifications 

even excluded modified asphalts. The situation has been partially improved by using the 

SUPERPAVE specification. This specification is at least capable of crudely determining 

changes in the temperature susceptibility of asphalt binders. Unfortunately, due to the 

parameters selected and their forms, the specification still cannot satisfactorily determine 

the properties of asphalt binders, especially those modified. The question of the 

suitability of the material parameters selected for the SUPERPAVE specification (4) has 

recently been debated in many laboratories. 

Work described in this paper and based on the discussion by Plazek (5) is part of a 

broader study to find suitable material characteristics for regular as well as modified 

asphalts. These characteristics should be able to identify structural changes in studied 
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materials. Without understanding structural changes, an effort to describe the material 

properties of binders will have only limited value. 

We are currently studying the role of various polymers in blends with base 

asphalts. The work reported in (6) has now been extended to wide temperature intervals 

and a broader spectrum of polymers and their concentrations. Here we report some partial 

results for a base asphalt modified by a radial SBS polymer. Moreover, we would like to 

initiate a discussion about the choice of new material parameters more closely related to 

the structure of conventional and polymer modified asphalts. 

SPLITTING NEWTONIAN AND VISCOELASTIC BEHAVIOUR 

The Performance Graded Asphalt Binder Specification (4) uses the following 

dynamic material parameters (functions): 1) loss modulus G" = IG*I sin 6, and 2) 

reciprocal dynamic loss compliance I GI / sin 6 = 1/S'1. These material functions (as are 

all material functions of conventional and polymer modified asphalts) are temperature 

sensitive. 

There are two main characteristic temperatures in asphalts. One is the glass 

transition temperature Tg, which can be determined from the master curve of the loss 

modulus G" and the appropriate shifting factor aT. The second, which we will call I, is 

the temperature of the transition from a viscoelastic state to the Newtonian state - i.e. the 

state characterized only by Newtonian viscosity. Both these temperatures depend on the 

testing frequency. Equivalently, one can define the two transition frequencies og, and os,, 

which depend on the testing-reference temperature. While the glass transition 

temperature Tg can be determined directly from G", the transition temperature Tv cannot 

be directly determined from either of the dynamic material functions used in the 

Performance Graded Asphalt Binder Specification. We show below that the transition 

temperature Tv can be determined using the low frequency asymptotic behaviour of the 

dynamic compliance, 5". The thermorheological behaviour of the tested asphalt between 
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the two transition temperatures is clearly described by the modified loss tangent (the 

Newtonian contribution of the material is eliminated). The reason for this clarity is the 

sensitivity of the modified loss tangent function to possible structural changes. Note that 

the modified loss tangent is the ratio of the energy dissipated (viscous dissipation 

subtracted) and the maximum energy stored, per cycle. The dynamic storage compliance, 

which also contains structural information, has much "weaker" inflexions, for the studied 

materials. This procedure is demonstrated on several blends of the base asphalt and the 

SBS polymer. As will be seen, the concentration of the polymer in the blends plays a 

significant role. 

In linear viscoelastic theory, the components of the complex shear modulus 

G' + iG") and the components of the complex dynamic shear compliance 

= 1/G' = 3' - iJ") are defined via the relaxation (H) and retardation(L) spectra (7). 

These spectra are interrelated (7), however one has to know at least one of the functions 

(H or L) on the infinite time or frequency scale. Here, the problem of not knowing the 

data over wide time or frequency domains enters. 

The master curves obtained for the studied materials cover roughly twelve 

decades of the reduced frequency, thus, for practical reasons, an equivalency between G* 

and 3* is assumed here. Then there is the problem of viscous deformation that is 

"hidden" in all viscoelastic material functions. There is only one dynamic function where 

the contribution from the viscous deformation is present additively (5). This function is 

the dynamic loss compliance 3", 

- °° L(7)&.  dn2. + 

10 
(1) 

where 2. is the retardation time, and lo is the zero shear rate viscosity. 

The only other material function that contains viscous contributions additively is 

the shear creep compliance J(t). In all other viscoelastic material functions the effects of 

viscous deformation are present in a nonadditive fashion. 
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Creep compliance is dominated by viscous deformation (tliio) (5, 7) at long times 

and the dynamic loss compliance is dominated by the asymptotic term (llioo), at low 

frequencies, Equation (1) . Thus, by constructing the function J", as 

J;(0))= r((0)— 1/1100) (2) 

one obtains a material function from which the effects of viscous deformation are 

eliminated. Moreover, this function is the zero order approximation of the retardation 

spectrum, L, and the possible maxima of L represent a concentration of retardation 

processes (6'), measured by their contributions to compliance. These effects cannot be 

easily detected, for the studied materials, from the compliance functions J' or P. 

We have found that for a variety of conventional and polymer modified asphalts 

the function J" is a single "peak" function, and from the position of this peak one can 

determine the "Newtonian" transition frequency and also the corresponding transition 

temperature T (see DISCUSSION, below). 

In dynamic experiments the specific energy absorbed by the sample in the quarter 

cycle is given as (8) 

E 2r T I' itJ" =—+— 
[2 4 

(3) 

where t° is the amplitude of the periodic shear stress. 

The total viscous specific energy dissipated per cycle is ED = = ` Y, and the 

maximum specific energy stored is Estm = 'r 2 F/ 2. Then for the loss tangent one obtains 

1 ED J" 
tan6=--=-

2irE,,, it 
(4) 

The total viscous specific energy dissipated per cycle is B = 1 ,w. One can 

define also the modified loss tangent, 
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tan 8, i(E D —E J"-1/i0o  
S 2tI Estm J it (5) 

For pure viscous deformation, this function is zero; it then increases through 

several possible local maxima, up to an absolute maximum, and then decreases to zero 

when the material reaches its glassy state. The local maxima on the graph of tan 6 

represent various viscoelastic transitions (structural changes - rearrangements of the 

structure). If the independent variable of the modified loss tangent is the frequency, then 

each maximum also determines the frequency of the vibration that is relatively strongly 

suppressed by the viscoelastic damping. The absolute maximum of the tan 8, determines 

the frequency of vibrations strongly damped by the material, at the given reference 

temperature of the master curves of 3', and P. This damping is caused by the viscoelastic 

character of the material and seems to be characteristic for the sample. Moreover, such a 

damping is screened from the viscous damping which is present in all conventional and 

polymer modified asphalts. Thus, the positions of maxima on the graph of tan 6 may 

characterize the material better than the maxima of the loss tangent. 

The master curves can be easily transformed to isochrones, if one knows the 

mathematical form of the shift factor aT. For example, if the WLF (7) form of aT can be 

used, i.e. 

—ci(T--Tr) 
loga 

T+c2 Tr 
(6) 

then the transformation from the reduced frequency () to the temperature T is 
given as 

T=Tr —c2 + 
c1c2 

C, —1og2ir—logv+X 
(7) 
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Here, v is the frequency (in Hz) and X = log 'm. Thus, from each master curve 

(independent variable, 'm), one can construct an appropriate isochrone, for the given 

frequency v. 

EXPERIMENTAL 

Homogenized hot material ( 170 °C) was poured into rubberized molds and left 
roughly 20 minutes to cool down. All reported measurements were done in the strain-

controlled rheometer 4ARES-33A manufactured by Rheometric Scientific. The testing 

geometry was of the plate-plate type, with diameters ranging from 6 mm to 50 mm. The 

gap was kept at 1-2 mm, and individual experiments were performed at temperatures 

from —30 °C to +80 °C. For the medium and low temperatures the maximum strain was 

kept below 0.5% to ensure the measurements were in the linear viscoelastic region. The 

strain sweeps were performed for all the tested materials, and no marked strain 

dependence has been observed at these temperatures when the strain was kept less than 

10%. At higher temperatures (greater than 60 °C) the larger strains (and larger plates) had 

to be used. At these conditions the strain was kept below 7%, and the strain sweeps have 

shown no dependence on strain up to 15%. Gap setting and maintaining were performed 

automatically according to the specification for the 4ARES-33A. As can be seen on the 

graphs, the main structural transitions are strongly pronounced and can be easily 

recognized from the experimental errors visible on the graphs of the modified loss 

tangent (this, being the ratio of two flmctions, is a very sensitive function). 

The sets of experimental values of G'(a';T), G" (c);T) and tan 6 (o;T) were used 

as the entry in the time-temperature shifting software IRIS (9). This interactive graphic 

software allows shifting the dynamic data into master files of dynamic material functions. 

Both Arrhenius and WLF forms of the horizontal shift factor aT can be fitted to the 
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obtained experimental values reasonably well. Only WLF form of aT was used for the 

construction of isochrones. 

From the master files of G' and G", the components of dynamic complex 

compliance were calculated. The part of J" corresponding to the lowest reduced 

frequencies was numerically analyzed, and the best fit to the l/rom was chosen as the 

Newtonian asymptote. The modified loss compliance, Y's was calculated according to 

Equation (2). On the other end of the temperatures, the loss modulus G" (master curve) 

has been used for the identification of the glass transition. 

The position of the peak of Y's determines the frequency, oh., of the viscous 

transition. For better comparison one can plot the reduced functions J"sr, and G"r 

(normalized by the maximum). The modified loss tangent was also calculated according 

to Equation (5). Finally, all master curves (original or modified) were transformed to 

isochrones according to Equation (7), after obtaining the appropriate parameters of the 

WLF form of the horizontal shift factor. 

DISCUSSION 

Master curves of dynamic material functions were constructed at reference 

temperature T = 0 °C for the base asphalt (200/300 Pen grade) and three blends of the 

same asphalt with 2%, 4% and 8% of the radial SBS rubber. Figure 1 portrays the master 

curves of G'(y), G"(ii) and tan 6(zi) for the base asphalt. The modified loss tangent and 

the reduced functions J" and G"r are shown in Figure 2. The peak of viscous transition 

(left peak) is also visible on the graph of tan 5, The glass transition given by the peak of 

G"r, is not seen on the graph of tan 8, From the main peak of tan E, (absolute maximum), 
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one can see that at temperature T = 0 °C, the vibrations with the frequency co - 0.1 rad/s 

will be strongly damped by the base asphalt. By transforming the frequency domain () 

to the temperature domain, at a frequency of 10 rad/s, one obtains Figure 3. Here, the 

graph of the loss tangent (tan 8) and thus the comparison with tan 8 is available. It is 

seen from this figure that the vibrations with the frequency 10 rad/s are strongly 

suppressed at temperature 15 °C. Also the glass transition temperature and the viscous 

transition temperature are clearly identified from this graph. One should stress again that 

these temperatures depend on the testing frequency. 

On Figures 4-6, the isochrones for the frequency 10 rad/s of tan 8, Ps, G"r, and 

tan 6 are portrayed for blends with 2%, 4%, and 8% SBS, One can see that the number of 

viscoelastic transitions (peaks of tan ö) increases with the increasing concentration of 

SBS in the base asphalt. The heights of peaks of tan 6 do not follow a simple pattern. 

The peak for the blend with 2% SBS is the highest and then it decreases for blends with 

4% and 8% of SBS. Interestingly, the peaks for blends with 2% and 4% SBS are higher 

than the peak of base asphalt. Among the three blends with SBS the vibrations with a 

frequency of 10 rad/s will be damped most in the blend with 2% SBS at a temperature of 

16 °C. In the blend with 4% SBS the same vibrations will be suppressed less, at roughly 

the same temperature, however the same vibrations are also suppressed at T - 45 °C and 

T - 60 °C. In the blend with 8% SBS the damping of vibrations with a 10 rad/s frequency 

is much smaller than in blends with 2% and 4% SBS and smaller than in base asphalt. 

The number of "damping" temperatures is, however, increased. It appears that, with the 

increasing amount of SBS in the base asphalt, the interval of the "damping" temperatures 

widens, but the strength of the damping decreases. This is seen in Figure 7, where the 

isochrones of tan 6 for the base asphalt and its blends with 2%, 4%, and 8% of SBS are 

compared. 

A similar comparison of isochrones of parameters selected by SHRP for the 

asphalt specification is given in Figures 8 and 9. In this case, the parameters of base 
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asphalt and its blends with 2% and 4% of SBS are hardly distinguishable. Only for the 

blend with the highest amount of SBS —8% do the SHRP parameters significantly differ. 

The dependence of isochrones on the testing frequency has to be always 

considered. This fact is demonstrated in Figure 10, where the dependence of the glass 

transition temperature, Tg, and the viscous transition temperature, T, are shown for the 

blend with 4% SBS. The temperature Tv is determined from the maximum of the function 

J"sr(T), and the temperature Tg is determined from the maximum of G"r(T). Generally, 

the isochrones of any viscoelastic material function will be shifted horizontally, along the 

temperature axis, when the testing frequency is changed. 

The last figure, Figure 11, shows how the temperature interval (Tg, T) changes 

with the amount of radial SBS polymer in the blend. These temperature domains form an 

increasing sequence with the increasing amount of SBS: base (79.3 °C), 2% SBS radial 

(110.7 °C), 4% SBS (121.6 °C), 8% SBS (124.6 °C). 

One can see that the increase of the temperature interval (Tg, T) is mainly due to 

the shift of T to higher temperatures with the increasing amount of polymer. Except for 

the anomaly at 4% SBS, however, there is a small shift of Tg towards lower temperatures 

with the addition of this type of SBS rubber. 

CONCLUSION 

With the dynamic compliance viscoelastic functions it is possible to separate the 

viscous deformation contribution from the viscoelastic contribution in dynmic 

experiments. From the absolute maximum of the modified loss compliance one can 

determine the temperature of viscous transition. Similarly, from the absolute maximum of 

the loss modulus it is possible to determine the glass transition temperature. 

In between those two temperatures, dynamic loading will generate various 

viscoelastic transitions - structural changes. These transitions are reflected on the graph 

of modified loss tangent as local maxima. We found one strong maximum for 
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conventional asphalt. In asphalt modified with the SBS rubber the strength and the 

number of maxima depend on the amount of polymer in the blend. The height of the 

maxima are largest at a low polymer concentration (2%). With an increasing amount of 

polymer, the height of the maxima decreases and the number of transitions increases and 

spreads over the viscoelastic domain of the material (this domain is determined by the 

viscous and glass transition temperature). 

One can look at the graph of modified loss tangent as a damping spectrum of the 

shear vibration generated by a periodic load at the given reference temperature. In this 

picture, each asphalt binder seems to have characteristic bands of the stronger damping. 

By transforming the frequency domain into the temperature domain (constructing 

isochrones), one can obtain the "temperature spectrum" of the damping of vibrations of a 

given frequency. 

It is obvious that polymer addition has a strong impact on the three characteristic 

parameters discussed above: viscous transition, glass transition, and modified loss 

tangent maxima (or the damping spectrum). This impact changes with the type of 

polymer (6) and the amount of polymer in the blend. The viscous and glass transitions are 

easier to interpret and associate with the performance of asphalt binders at high and low 

service temperatures. It is much more difficult to interpret the differences and changes in 

the damping spectrum of the shear vibrations. Probably, shear oscillations destroy 

internal cross-links or internal microstructure, thus leading to a decrease in elasticity. 

Different frequencies and/or different energies are needed for the destruction of different 

internal structures. This, however, does not explain why the maxima of the damping with 

the small amount of SBS increased relative to base asphalt. The opposite behaviour 

would be conventionally expected. It has to be noted that the lengths of (Tg, T) intervals 

increase with the increase of polymer concentration. 
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ABSTRACT 

Costly deterioration of many roads and highways paved with asphalt generates a 

growing interest in polymer modified asphalts (PMA). Although asphalt represents only a 

fraction of asphalt paving mix, it is believed that it has a significant effect on the 

thermomechanical properties of asphalt pavements. Currently there is no consensus on 

the type of tests and specifications for polymer modified asphalts; however, it is clear that 

such specifications should be based on rheological testing of these systems. As a 

viscoelastic material asphalt is usually characterized by its dynamic material functions. 

An advantage of the use of modified loss tangent function in PMA systems is discussed 

in this contribution. Three polymer modifiers (SBS, EVA and BOA) commonly used in 

the asphalt paving industry were blended with base asphalt and various relaxations in the 

base, and its blends are studied here. 

ZUSAMMENFASSUNG 

Der kostspielige Verschleiss vieler asphaltierter Strassen und Autobahnen erzugt 

ein wachsendes Interesse an Polymer modifizierten Asphalten (PMA). Obgleich Asphalt 

nur einen Bruchteil des Asphaltgemisches ausmacht, glaubt man, dass er eine wesentliche 

Auswirkung auf die thermo-mechanischen Eigenschaften von Asphaltbelagen hat. 

Gegenwaertig fehit es an Konsens ueber die Art von Tests und Spezifikationen flier 

Polymer modifizierte Asphalte. Kiar ist jedoch, dass solche Spezifikationen auf 

rheologischen Tests dieser Systeme basieren soliten. Als ein.viskoelastisches Material ist 

Asphalt gewoehnlich durch seine dynamischen Material kennwerte charakterisiert. Dieser 

Beitrag diskutiert, weichen Vorteil die Anwendung eines modifizierter Verlustwinkels in 

PMA- Systemen hat. Drei Polymer-Modifikatoren (SBS, EVA und BOA), die allgemein 

in der Asphaltindustrie benutzt werden, wurden mit regulaerem Asphalt gebunderi; 

verschiedene Relaxationen im Asphalt und semen Mischungen werden hier untersucht. 
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RESUME 

Les détériorations dispendieuses des routes et autoroutes pavées d'asphalte est 

d'un intérêt croissant dans le domaine des bitumes modifies par polymères (BMP). Bien 

que l'asphalte ne représente qu'une fraction des mélanges de pavements d'asphalte, ii est 

reconnu pour avoir un effet significatif sur les propriétés thermodynamiques de 

pavements d'asphalte. Présentement, ii n'ya pas de consensus sur le type d'essais ét 

specifications pour les bitumes modifies par polymères, bien qu'il soit clair que de telles 

specifications devraient être basées sur des tests rheologiques de ces systèmes. Etant un 

materiel viscoelastique, l'asphalte est habituellement caractérisé par ses fonctions 

dynamiques due materiel. Un avantage de 1'utilisation de la fonction modifiée de 

déphasage dans les systèmes BMP est discuté dans cet article. Trois polymeres modifies 

(SBS, EVA et EGA) utilisés frequemment dans l'industrie du pavage d'asphalte ont été 

mélangées avec de l'asphalte de base et plusieurs relâchements dans la base et ses 

mélanges sont ici étudiés. 

KEYWORDS: 

Polymer modified asphalt, relaxation, dynamic material functions, characterization 



169 

ASPHALT - BASIC PROPERTIES 

Conventional asphalt behaves similarly as a low molecular weight linear 

viscoelastic material [1,2,3,4] when tested at small strains and rates of strain. Even if 

there are some doubts about the thermorheological simplicity of asphalt it is believed that 

conventional and also PMA can be represented reasonably well by the master curves of 

their linear viscoelastic material functions [4,5,6]. It is quite common to characterize 

asphalt by its dynamic material functions [4,6,7]. A relatively strong viscous deformation 

contribution to these functions can be observed (especially at higher temperatures). The 

high temperature sensitivity of asphalt is one of its main characteristics. The Williams-

Landel-Ferry (WLF) [8] form of the shift factor seems to describe well the thermal 

properties of conventional asphalt as well as PMA, see the DISCUSSION. At high 

temperatures (usually above 60 °C) asphalt behaves as a Newtonian fluid and at 

temperatures less than -20 °C asphalt systems are approaching their glassy state. In 

conventional asphalt, one can observe two main transitions. The first one is the transition 

to the glassy state (a-transition) and the second one (a'-transition) is the transition from a 

viscoelastic to the Newtonian fluid. In the dynamic mechanical testing, the domain of the 

cc-transition is defined by the maximum of the loss modulus (G"), and the domain of the 

cc'-transition is defined by the maximum of the modified loss compliance [6,8,9]. The 

modified loss compliance is defined as the loss compliance without the viscous flow 

contribution, 

J(tT)=J"(Th)— /1/ iio 
(1) 

Here, w is the reduced frequency and 10 is the zero shear rate viscosity at a given 

reference temperature Tr (Tr = 0 °C, in this contribution). In PMA, additional transitions 

can be observed. The domains of these transitions are defined by local extrema on the 

graph of the loss tangent. By constructing the modified loss tangent function 
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1/ . 

tana) — /j 10 - 

(2) 

it is possible to observe one, relatively strong maximum of this function for 

conventional asphalts. This maximum is positioned at a reduced frequency that 

corresponds to the maximum difference between the modified loss compliance Pe and 

the storage compliance J' . This is a frequency at which the difference between the energy 

dissipated in a "nonviscous" manner and the energy stored in each cycle is maximal. In 

PMA the functions J', and J"e"oscillate" around each other and they might have several 

intersections, i.e. on the graph of the modified loss tangent one can observe several local 

extrema. At points where the "nonviscous " dissipation is greater than the stored (elastic) 

energy some parts of the structure are " released" i.e. moving more freely than the rest of 

the system. The situation is different at local minima of the tan 6e . Here the stored 

energy is greater than the" nonviscous" dissipation energy and the mobility of some parts 

of the structure is reduced. Thus, the reduced loss tangent represents a function that is 

sensitive to the structural transitions in PMA. Naturally, the loss tangent function has 

similar properties at higher frequencies where the viscous flow contribution is weak. For 

low frequencies (higher temperatures), the viscous flow is much stronger and in some 

cases it may mask some of the structural transitions in PMA. 

In a simple structural model, asphalt consists of maltenes and asphaltenes. The 

maltene phase is a mixture of different hydrocarbons, ranging from aliphatic to aromatic 

species. This part of asphalt belongs to the highest boiling point fraction of lubricating 

oils with the structure of condensed cycloalkane and aromatic rings with side chains of 

varying length. Asphaltenes are usually described as multipolymers [10] i.e. 

polycondensed substances with different repeating blocks, associated by inter- and 

intramolecular interactions. From the macroscopic point of view, asphaltenes consists of 

clusters randomly distributed in lower molecular weight homologues. Overall, one can 

consider asphalt as a multidisperse micellar system with rather complicated internal 

structure. 
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By blending the base asphalt with a polymer, a multiphase system is obtained. It 

contains a phase rich in polymer (polymer and part of maltenes adsorbed by polymer), 

another phase rich in asphaltenes that are not adsorbed by the polymer and a phase 

formed by maltenes. At low concentrations of polymer, a continuous asphalt phase with 

dispersed polymer is observed. In this case, the properties of the blend are mostly 

determined by the base asphalt. At higher concentrations (depending on the type of 

polymer and its molecular weight), a continuous polymer phase with dispersed asphaltene 

rich phase can be observed, and the properties of the blend are probably determined by 

the polymer phase. A rough schematic picture of asphalt and its blends with polymers is 

shown in Fig. 1. In the left part, a virgin asphalt is portrayed. The disks represent single 

asphaltene micelles, which can associate into asphaltene aggregates (left lower corner). 

The background represents intermicellar medium (saturated and aromatic oils). The 

central part of Fig. 1 might represent the situation in SBS blends. Here the rectangles. 

indicate the polystyrene blocks and the small circles represent the rubber midblocks. The 

interdispersing oils of asphalt will swell the polystyrene phase, thus simulating the effect 

of greater polystyrene concentration. With increased polystyrene concentration, the 

endblock phase begins to comprise a network of the rubber phase and becomes first 

rodlike, and then platelike. The right part of Fig. 1 portrays a situation in asphalt blended 

with a reactive polymer, e.g. EGA. The reactive portion of the polymer molecule is 

represented by rectangles. These copolymers chemically react with asphaltenes. For 

example, in EGA, the epoxide ring in the glycidal structure is believed to react with 

various functional groups of asphaltenes. The circles, in this part, represent the backbone 

of a reactive polymer. According to our knowledge, there is not much known about the 

microstructure of asphalt-EVA blends. Microscopic studies usually show considerable 

differences in the size of dispersed particles, changes of the size of these particles with 

time and macro-separation at extended hot storage. 

One has to note that usually various additives are also present in PMA and this 

results in systems even more complex than the ones mentioned above. The systems as 
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complex as polymer modified asphalts become at least three-phase systems at low 

temperatures, thus indicating that such blends are never in thermodynamic equilibrium. 

The structure of such multiphase blends usually depends on the rate of cooling. The 

properties of asphalt-polymer blends usually start to change at the concentration range 4-

6% depending on the polymer. Since such a concentration quite often represents an 

economically viable range for modification the research is usually concentrated to this 

region. 

POLYMER MODIFIERS OF ASPHALT 

Thermoplastic polymers are usually used as modifiers in paving asphalts [11 ]. 

These are commonly (and somewhat arbitrarily) divided into elastomers and plastomers. 

In plastomers, the elastic deformation is accompanied by a permanent deformation. 

Examples of elastomers used in asphalt modification are styrene-butadiene-styrene 

polyblock copolymer (SBS - used in this study), styrene-isoprene-styrene copolymers, 

and random copolymer of styrene-butadiene. Plastomeric polymers used in asphalt are, 

for example, polyethylene, ethylene-vinyl acetate (EVA - used in this study) or ethylene-

butyl acrylate. 

Triblock copolymers such as SBS can be linear or radial. In linear SBS, the 

polystyrene occurs in two blocks- one on each end of an elastomeric block 

(polybutadiene). In radial SBS, molecules have a "star" structure with more than three 

polystyrene blocks in the molecule. Polystyrene has the glass transition temperature at 

about 95 °C, and the elastomeric block is rubber with the glass transition temperature at 

about -80 °C [12]. Polystyrene endblocks unite (they are not thermodynamically 

compatible with elastomeric blocks) and form uniformly distributed polystyrene domains. 

This process creates a crosslinked network. The continuous phase of the rubber chains 

between the domains forms the rubber network. Rubber chains are chemically joined 
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with polystyrene endblocks (thus are immobilized in the domains) [13]. This crosslinking 

is reversible, and the physical properties are not changed by repeated heating and cooling 

thus making these materials popular modifiers for asphalt. 

Ethylene-vinylacetate copolymers show a strong dependency of their glass 

transition temperature on the content of vinylacetate. It is shown in [12] that the glass 

transition of ethylene-vinylacetate with 14% wt content of vinylacetate is at about -20 °C. 

However, the loss tangent peak (1 Hz, and temperature gradient 2 °C/min) is very wide 

(from -40 °C to 40 °C ). The same copolymer, with 33% wt of vinylacetate, shows a 

much sharper peak at about -20 °C. These differences are attributed to the higher 

crystallinity of the former. According to the manufacturer, the flexibility and toughness 

of EVA can be increased by increasing the vinylacetate content. 

A new asphalt modifier, ethylene-glycidyl-acrylate (EGA) recently appeared on 

the market. According to the manufacturer, this copolymer chemically reacts with 

asphalt. It is also claimed that the lower concentrations of this copolymer in asphalt 

blends will produce same mechanical properties as those of blends with much higher 

content of other polymer modifiers (e.g. SBS). To verify these claims one EGA blend 

in addition to SBS and EVA blends is also investigated in this contribution. 

The composition of copolymers has a considerable influence on their 

compatibility with asphalt. At low polymer concentration, the selection of the base 

asphalt is important. At high polymer concentration, the polymer is plasticized by a 

maltene fraction of asphalt and the selection of polymer determines the properties of the 

blend. 
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THE EFFECT OF VISCOUS DEFORMATION 

Dynamic material functions of viscoelastic materials represent an important 

source of information about the structure of the material. In asphalt, the viscous 

deformation contribution to the dynamic functions is increasing with increasing 

temperature. This contribution is "hidden" implicitly in all dynamic functions except the 

dynamic loss compliance [8,9] where it is present explicitly and additively 

J co L(?)  dln&-i---- (3) 

Here L(2..) is the retardation spectrum of retardation times ?, is the zero shear 

rate viscosity and 'm is the reduced frequency. 

By finding the low frequency asymptote of the dynamic loss compliance one can 

determine, or at least estimate, the zero shear rate viscosity, 10, (at a given reference 

temperature of the master curve of J"), and subtract the viscous contribution from J", 

Equ.(l). The obtained modified loss compliance, J, has a peak at low frequency region. 

From that peak J decreases slowly with increasing zi. 

On the other side of the peak, J is quickly decreasing to zero, see Fig. 6. This 

peak represents the transition from a viscoelastic fluid to a Newtonian fluid (ct' - 

transition). As mentioned in part 1, the other strong transition (glass transition) occurs at 

maximum of G". The modified loss tangent, tan 6e, Equ.(2), exhibits one strong peak in 

conventional asphalts, see. Fig. 9. At this peak the "nonviscous" dissipation energy (J) 

differs most from the stored energy, thus indicating the freeing of some part of the asphalt 

structure. This loosening of the structure continues (in the direction of decreasing 

frequency- increasing temperature) until the asphalt changes to a Newtonian fluid. On the 

other side of the peak (increasing frequency - decreasing temperature) the difference 

between the modified J and J" is diminishing and asphalt is approaching its glassy state. 

When asphalt is blended with a polymer the structure of the base asphalt is apparently 
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changed and on the graph of the modified loss tangent one can identify several local 

extrema. Again, at maxima the "nonviscous" dissipation energy differs most from the 

stored energy, thus indicating structural changes at corresponding frequencies. Since 

some of these transitions can be masked by the viscous dissipation, especially at higher 

temperatures, the modified loss tangent seems to be a more suitable function than the loss 

tangent, for the identification of various transitions in PMA. An overview of transitions 

in conventional or polymer modified asphalts can be obtained by plotting the normalized 

(by absolute maximum) functions X, tan 6er, and G into one graph. 

When the time-temperature shift factor (aT) can be described explicitly, e.g. by the 

WLF form [8]. 

loga = — ci(T — Tr) 
TTr +C 2 

(4) 

the frequency domain can be transformed to the temperature domain, for a given 

"test" frequency. Thus, every master curve can be transformed to the corresponding 

isochrone. It follows from (4) that for the fixed testing frequency 0' 

dc 2 (5) 
TTr d2 +  

c1— log (o'+logo 

where w is the reduced frequency (independent variable of dynamic master curves). 

EXPERIMENTAL 

The base asphalt 200/300 Pen grade was modified by the following polymers: 

1) radial SBS (SBSr) with average molecular weight 150 000, and S/B ratio 3/2; 2) 

linear SBS (SBS 1) with average molecular weight 100 000, and S/B ratio 3/7; high 

molecular weight EVA (exact molecular weight is not provided by manufacturer), with 
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25% of vinylacetate; 4) EGA with average molecular weight 230 000 and unknown ratio 

of the two functional groups (G/A). 

Homogenized hot material (+170 °C) was poured into rubberized molds, left for 

20 minutes to cool down and then stored at -30 °C, before each dynamic experiment. All 

the reported measurements were performed in the strain-control rheometer ARES33 of 

Rheometric Scientific. The testing geometry was of the plate-plate type, with diameters 

ranging from 6 to 50 mm. The gap was 1-2mm, and temperatures in the range -30 °C to 

80 °C. The maximum strain was kept below 2% to ensure that the linear viscoelastic 

region was not overreached. The sets of experimental values were used as entry in the 

time-temperature shifting software IRIS [14}. With the help of IRIS, the master curves of 

dynamic material functions were constructed. All the reported results are at the reference 

temperature Tr = 0 °C. The horizontal shift factor aT was fitted to the WLF form, and this 

form was used for the construction of isoebrones (at frequency 10 rad/s). The low 

frequency asymptote of the loss compliance J" was determined numerically and the 

modified loss compliance X was calculated, Equ.(1). The modified loss tangent function 

was calculated according to Equ.(2). For easier comparison the reduced functions are also 

used (subscript,r, is used in such cases). By using the WLF form of the time-temperature 

shift factor, the isochrones of various master curves were finally constructed by using 

Equ.(5). 

DISCUSSION 

The temperature susceptibility of asphalt is sometimes represented by the time 

temperature shifting factor aT. It is surprising to see, Fig.2, that aT, as a function of 

temperature, for the base asphalt and its blends with different polymers in different 

concentrations is almost identical for all of them. Fig.2 portrays aT for SBSr (1%, 2%, 

4%, 6%, 8%), SBS (4%), EVA (4%) and EGA (2%); the full line is the WLF fit to the set 
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of these data. The modification of the base asphalt seems to have a strong impact on the 

high-temperature behavior of the tested blends. This can be seen from the graphs of 

dynamic moduli G', and U". In Figs.3,4 these functions are portrayed for the base asphalt 

and 4% blends with EVA, SBS 1 and SBSr. The storage modulus functions for 8% SBSr, 

2% SBSr and 2% EGA are shown in Figs.5. Both dynamic moduli are higher in PMAs 

than in the base asphalt, for lower region of the reduced frequency, especially for SBS 

blends. 2% blend of EGA seems to perform similarly to the 4% blend of EVA; however, 

the values of G' and G" for this blend are lower than the corresponding ones for 4% 

blends of SBS. On the other hand by plotting the modified loss compliance, Fig.6, or 

better the relative modified loss compliance function X, Fig.7, one can see that the a' - 

transition is shifted from the base asphalt through 4% EVA, 4% SBS 1, 4% SBSr to 2% 

EGA in the direction of decreasing reduced frequency (roughly by two orders, in total). 

Similar shift is observed when the concentration of SBSr is increased from 1% to 8%, 

Fig.8. The modified loss tangent functions, tan 6e, for the base asphalt, 4% blends of 

EVA, SBS 1, SBSr and 8% SBSr are portrayed in Fig.9. A slight shift (towards low 

reduced frequency) of the maximum, from the base asphalt is first observed. At even 

lower frequencies there is a weak local minimum followed by a local maximum where 

the transition to a Newtonian fluid begins. The picture is changed for higher 

concentrations of polymer. This can be seen from tan & for 8% SBSr. Roughly at the 

frequency where 4% blends exhibit absolute maximum the 8% blend has a local 

minimum, which is accompanied by two maxima, positioned left and right from this 

point. Both maxima are clearly separated and they are much lower than the maxima for 

4% blends thus indicating smaller difference between the "nonviscous" dissipation 

energy and the stored energy. In the domains of maxima J > J', and in the domains of 

minima J < J' . A complete picture of all transitions in asphalt is obtained from the 

composition plots of relative functions G and tan 8e (or tan er). An example of 

such a plot is given in Fig. 10. Here the isochrones (based on the transformation (5) with 

(o'=10 rad/s) of the above mentioned functions are plotted for the base asphalt and its 4% 
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blends with EVA, SBS 1 and SBSr. A large shift of a' - transition towards the higher 

temperatures is observed for SBS blends. Similar comparison of blends: 2% SBSr, 4% 

SBSr and 2% EGA, is shown in Fig. 11. It is clear from this figure that 2% EGA blend 

has a behavior resembling the one of 2% SBSr blend. However, the a' -transition of 

BOA blend is very close to the a' - transition for the 4% SBSr blend. There seems to be 

also a slight shift of the a - transition, for 2% EGA blend, towards the higher temperature 

when compared with 2% and 4% blends of SBSr. The next figure, Figs.12, portrays a 

detail of the glass transition (a) region for some of the studied blends. It follows from 

Fig. 12 that in the base asphalt the domain of this transition is relatively wide ('-. 6 °C). 

The transition is shifted to lower temperatures with increasing concentration of SBS. The 

a - transition domain is narrower for EVA and EGA blends and more interestingly their 

glass transition domain is slightly shifted towards the higher temperatures. Note again 

that all isochrones are calculated for the "testing" frequency of lOrad/s, and that the 

positions of extrema, on the discussed isochronal plots, will be shifted for different 

"testing" frequencies. 

It was shown in [6] that the complex dynamic compliance function, J*(z), can be 

modeled by the following fractional rational function: 

- fl(l+i&k) 

fJ(i+ im,.tk) 
(6) 

By subtracting the low frequency asymptote i/ilow from (6) and using 

= 1/(n-m), one can successfully model the modified complex dynamic 

compliance (J* = 3* - i/horn) of the conventional asphalts and their blends with polymer 

modifiers. An example of the modeled modified loss tangent for 8% SBSr blend is 

presented in Fig. 13. In this case n = 7, and m = 2. More details about the model can be 

found in [6,7]. 
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CONCLUSION 

In conclusion, one can see that the modification of the base asphalt by the studied 

polymers influences more the high temperature behavior of blends than the low 

temperature behavior. Only for blends of SBS with concentrations of polymer higher than 

4% a shift of the a - transition (glass transition) towards the lower temperatures was 

observed. It seems to be true that the lower concentration of EGA polymer can produce 

transitions similar to the ones observed in higher concentrations of SBS and EVA, 

however, only at higher temperatures. The glass temperature transition for 2% EGA 

blend is actually higher than the one for the base asphalt, i.e. this polymer exhibits a 

slight antiplasticization behavior. Interestingly enough, the higher concentration SBSr 

blend behaves as plasticizer (Tg is shifted to lower temperatures); however, various high 

temperature mechanical transitions (observed on the graph of the modified loss tangent) 

decrease in intensity with increasing polymer content (this being a characteristic of 

antiplasticizers) [15,16]. Generally by adding a polymer to the base asphalt the main 

transition (observed as the maximum of the modified loss tangent and lying between the 

a and a' transitions) will split at least into two with increasing separation of these 

maxima and decreasing intensity, when the concentration of polymer is increassed. These 

effects (for the tested materials) are relatively weak for concentrations of polymer less 

than, or equal to 4%. Thus, it seems that various attempts to improve the 

thermomechanical properties of asphalt by blending it with different polymers can have 

only ,a limited success when low concentration blends are used. Lower concentration (< 

4%) blends of the tested base asphalt with SBS and EVA polymers exhibit the shift of a' 

transition towards the higher temperatures (w.r.t. the base asphalt), i.e. the temperature 

sensitivity is lowered. However, the thermomechanical properties of these blends are not 

much different from the ones of the base asphalt. In that sense the EGA polymer seems to 

be a strong asphalt modifier. It has to be stressed that these o'bservations apply to higher 
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and intermediate temperatures, only. At low temperatures the effect of the tested polymer 

modifiers is a "weak" one. The increased concentration of polymer can have an important 

effect in a wide temperature interval. Then the domains of transitions are relatively wide, 

and the difference between the energy stored and dissipated, in "nonviscous" manner is 

relatively small. In such a case the PMA will suppress the vibrations generated by traffic 

in a wide frequency window (much wider than in the base asphalt, see Fig. 9) at a given 

temperature, or in a wide temperature window at a given characteristic frequency of the 

traffic. For the studied blends this situation seems to be achieved by 8% blend of the 

radial SBS polymer with the base asphalt (200/300 Pen grade). 
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Figure 1 Schematic picture of asphalt microstructure 



184 

10 

7.5 

5 

2.5 

-2.5 

-5 

-7.5 

-10 
-50 

T[C] 

Figure 2 Horizontal shift factor. Base asphalt and all investigated blends. Tr = 0 °C. 

experimental; - WLF fit. 



185 

le+09 
le+OS-

le+07-

le+06-

100000-

10000-

1o00. 

100-

10-

1-
0111   

4 -8 .4 0 
lag w [radls] 

Figure 3 Storage modulus. T =0 °C. • Base, +4% EVA, A 4% SBSt, 04% SBSr. 



186 

le+09 

le+08 

le+07 

le+06 

100000 

10000-

1000-

100-

10 I I I 

.8 4 0 4 
log w [radls] 

Figure 4 Loss modulus. Tr = 0 °C. • Base, +4% EVA, A 4% SBS, 04% SBSr. 
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Figure 5 Storage modulus. Tr =0 °C. • Base, + 8% SBSr, A 2% SBSr, 02% EGA. 
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Figure 6 Modified loss compliance, Tr =0 °C. • Base, + 4% EVA, A 4% SBS, 0 SBSr. 
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Figure 8 Relative modified loss compliance. Tr = 0 °C. • Base, + 1%, 2%, 4% SBSr (from 

right to left), A 6% SBSr, 8% SBSr. 



191 

.4 Ô 
log w [radls] 

-8 8 

Figure 9 Modified loss tangent. T,. = 0 °C. • Base, + 8%SBSr, ,X 4% SBSt, 0 4% SBSr, .+. 4% 

EVA. 



192 

T[C] 

Figure 10 Isochrones, relative modified loss compliance and loss tangent, relative loss modulus. 10 

rad/s. • Base, + 4%EVA, A 4%SBSe, 0 4%SBSr. 



193 

1.25 

1 
0) 

0.75 

0.5 

0.25 

0 
.40 0 40 80 

T[C] 
120 

Figure 11 Isochrones, relative modified loss compliance and loss tangent, relative loss modulus. 10 

rad/s. • 2%SBSr, A 4%SBSr, 0 2%EGA. 



194 

1.1 

I 

0.9 

0.8 

0.7 

0.6 

0.5 

S 

+ 

S 

+ 
a + 

S + 

+ + 

G A + 

+ 

S. 

+ 

S 
+ 

40 -30 
T[C] 

-20 -10 

Figure 12 Isochrones, relative modified loss compliance and loss tangent,relative loss modulus. 10 

radls., • Base, a+. 6% SBSr, iX 4% EVA, 0 2%SBSr, + 2%EGA. 

F 



195 

2 

1.6 

, 1.2 

' 0.8 

0.4 

4 8 .4 0 
log w [radls] 

4 

Figure 13 Modified loss tangent. Tr =0 °C. A Base, 0 8%SBSr - experimental, 

fractional model Equ.(6). 

8 



196 

4 Viscosity 

It is a well established fact that the non- linear viscoelastic behavior in amorphous 

polymers is strongest at long times (low frequencies) or high temperatures (large 

frequencies), and one of their important manifestations is the non- Newtonian flow, i.e. 

the significant decrease in viscosity 77 with increasing shear rate, y. Similar behavior can 

be observed in polymer modified asphalt (and to a much lesser degree in conventional 

asphalts). Shear rate dependence of viscosity may appear at low shear rates and it is 

sometimes difficult to perform experiments at sufficiently low j' to determine the zero 

shear viscosity, 77,. In non- Newtonian behavior the minimum value of v at which 77177, 

falls to a value which is significantly less than unity determines a characteristic time A, . 

In polymers, this characteristic time and strongly depends on the molecular weight 

distribution. The situation in polymer modified asphalts seems to be more complicated. 

These two "plateaus" of 77 are observed at low shear rates. The results obtained for 

several polymer modified asphalts are discussed in the following paper. 
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ABSTRACT 

Asphalt is a multidisperse micellar system with rheological behavior resembling 

that of a low molecular weight polymer. Nowadays, asphalt is frequently modified by 

blending with various polymers. Such modified asphalt has rheological properties that 

differ from the properties of the base asphalt. It is quite common to study asphalt in 

dynamic experiments. Such studies, however useful, can not reveal all characteristic 

features of polymer modified asphalts. Asphalt modification by polymers is strongly 

manifested in the region of transitions from a viscoelastic fluid to the Newtonian fluid. 

The viscosity study in this region can reveal a behavior characteristic for the used 

polymer modifier, thus complementing the dynamic studies of these materials. The 

viscosity of base asphalt modified by styrene-butadiene-styrene and by ethylene-vinyl 

acetate polymers (in several concentrations) is studied and discussed in this note. 

KEY WORDS: polymer modified asphalt, viscosity, structure 



199 

INTRODUCTION 

It is generally agreed that asphalt is a multidisperse micellar system. Because of 

the complexity of this material, the complete internal structure of asphalt is not yet 

known with sufficient certainty. The composition of asphalt varies with the source of the 

crude oil and the method of manufacturing. Asphalt is often, albeit somewhat artificially, 

divided into four groups according their chemical nature: saturates, naphthene aromatics, 

polar aromatics and asphaltenes. The first three groups are usually lumped together under 

the name maltenes. 

The lowest molecular weight part of asphalt has a molecular weight as low as 240 

and the ratio of hydrogen and carbon as high as 1.76 per mole. This part resembles the 

highest boiling point fraction of lubricating oils. The heaviest parts of maltenes are 

frequently identified as resins. The resins and asphaltenes strongly overlap. Asphaltenes 

represent the heaviest part of asphalt, with the hydrogen to carbon ratio as low as 1.15 

(per mole). Their molecular weight varies with the method of determination. For 

example, the vapor-pressure osmometry yields the molecular weight of asphaltenes in the 

range of several thousands. On the other hand, the molecular weights in the range of tens 

of thousands, even one million, can be obtained by the centrifuge method. One has to be 

aware that asphaltenes form a loose group determined by their insolubility in the low 

molecular weight alkanic solvents. Generally, the amount of asphalt identified as 

asphaltenes depends on the selected solvents (usually n-pentane, n-hexane, or n-heptane). 

Since the late 1930s asphalt is considered to be a colloid containing micelles - 

asphaltenes surrounded by a layer of lighter molecular weight hydrocarbons and 

dispersed in oils [1]. Some authors consider a micelle in asphalt to consists of a single 

asphaltene molecule [2] surrounded by the resin molecules which are associated with 

asphaltenes (the interaction being of an electron donor-acceptor type). In this model 

resin-asphaltene interactions are preferred to asphaltene-asphaltene interactions. In [3] it 

is argued that resins do not form the outside layer of asphaltene micelles but are separate 

colloid entities. Some authors assume that intermolecular interactions in asphaltenes are 
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based on induced and permanent electric polarization of various bonds [4]. According to 

this model, the asphaltene dipoles participate in the aggregation interactions, which then 

lead to the formation of high molecular weight oligomers. In another model, Yen and 

collaborators, e.g. [5] assumed that asphaltenes are multipolymers, i.e. polycondensed 

substances with different repeating blocks. The model estimates the molecular weight of 

asphaltenes in the range 800-2500. Macroscopically the asphaltenes are considered to be 

a mesomorphic liquid with many individually oriented clusters, which are suspended and 

randomly distributed within lower molecular weight homologues. The individual clusters 

are ordered and consist of a number of planar aromatic molecules stacked in layers. X-ray 

diffraction suggests that the stacks contain five or six layers. 

Unfortunately, studies of the internal structure of asphalt are performed in various 

solvents, which inadvertently change the structure of the studied samples. The solvent 

according to its type can contribute to the dissolution or aggregation of the heaviest or the 

most polar molecules. Thus, the true structure is very difficult to determine. 

The situation is even more complicated in asphalt that is modified - blended with 

various polymers. Asphalt modification is a common practice, nowadays. These new 

materials are prepared in an attempt to find an ideal binder that can improve the 

performance of roads and highways. An understanding of the structure of modified 

asphalts is still in its infancy. 

Many questions about the internal structure of both regular (neat) and polymer 

modified asphalts can be elucidated by rheological studies of these materials. Rheological 

investigations of asphalt began almost fifty years ago. It was shown in [6] that asphalt 

(regular) behaves as a viscoelastic material. The first attempt to formulate a model of 

dynamic material functions for paving asphalt can be found in [7]. It was shown there 

that the response of asphalt to small amplitude sinusoidal shear is linear and that asphalt 

is a thermorheologically simple material. Dynamic material functions, viscosity, first 

normal stress difference and the stress growth in asphalt were studied in [8, 9]. Polymer 
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modified asphalts behave differently from regular asphalts, however they can still be 

considered linear viscoelastic materials [10]. 

Asphalt - regular or polymer modified - is a material with high temperature 

sensitivity. This sensitivity can limit the generally assumed validity of the time-

temperature superposition principle. Such a limitation sometimes can be found at higher 

temperatures [11]. The high temperature properties of asphalt are also important for 

practical reasons. There seems to be a strong correlation between the asphalt paving 

mixture rutting (permanent deformation caused by horizontal and lateral displacements 

of asphalt binder and mineral particles in pavement under a shear produced by traffic at 

high temperatures) and the zero shear rate viscosity, [12, 13]. 

Polymer modified asphalt 

Blends of asphalt with polymers form multiphase systems. Such systems contain a 

phase rich in polymer, a phase rich in asphaltenes not adsorbed by the polymer, and a 

phase formed by maltenes. Moreover, since various additives are often added to the 

polymer modified asphalts, this may lead to the formation of very complex systems with 

unknown internal structure. The properties of asphalt-polymer blends depend on the 

concentration and the type of the used polymer. The effect of a polymer usually starts to 

be significant in concentrations of about 4%-6%. Higher concentrations of polymers are 

considered to be economically less viable. 

Styrene-butadiene-styrene polyblock copolymers (SBS) are probably the most 

frequently used asphalt modifiers. Other elastomers such as styrene-isoprene-styrene 

copolymers or random copolymers of styrene-butadiene are sometimes also used. 

Examples of the plastomeric types of polymers used for asphalt modification are 

ethylene-vinyl acetate (EVA), polyethylene (PE) or ethylene-butyl acrylate. Recently a 

new asphalt modifier, ethylene-glycidyl-acrylate (EGA), has been tested. This 

copolymer, reportedly, chemically reacts with asphalt and it is suggested that lower 

concentrations of EGA may, with some asphalts, produce interesting materials. In this 
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study we concentrate on the blends of an asphalt 200/300 Pen grade with SBS and EVA 

polymers. 

Molecular architecture of SBS can be linear or radial. In linear SBS, two 

polystyrene blocks are positioned at the ends of an elastomeric block (polybutadiene). 

The molecule of radial SBS has a star structure with more than three polystyrene blocks. 

The glass transition of SBS is also interesting. Polystyrene has the glass transition 

temperature of about 95° C, and the elastomeric blocks of rubber have the glass transition 

of about -80° C [14]. This difference in the glass transition temperatures of the building 

blocks of SBS makes this polymer very interesting for asphalt modification. Below the 

glass transition temperature of polystyrene, the polystyrene endblocks unite and form 

uniformly distributed polystyrene domains - a crosslinked network is created. The 

continuous phase of the rubber chains between the domains forms the rubber network. 

Rubber chains are anchored in the domains [15]. This crosslinking is reversible and thus 

the physical properties of this polymer are not changed by repeated heating and cooling - 

the property important in asphalts modified by SBS. 

Ethylene-vinyl acetate copolymers exhibit a strong dependence of the glass 

transition temperature on the content of vinyl acetate [14]. The flexibility and toughness 

of EVA increases with the increasing content of vinyl acetate. In our experience [16], the 

EVA copolymers commonly used for asphalt modification (usually about 17% of vinyl-

acetate content) do not change the rheological properties of asphalt as strongly as SBS 

copolymers. Presently there is not enough information about the rheology of asphalts 

modified by EGA polymers. Some preliminary results [16] suggest that their properties 

are close to the ones of the asphalt blends with SBS. 

It has to be pointed out that asphalt modification by polymers (low concentrations 

of polymer) is mainly manifested at elevated temperatures. The low temperature 

properties of asphalt appear to be less influenced by polymer modifiers [16]. 
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Shear viscosity 

Regular asphalts (unmodified) have usually the glass transition temperature 

around 200 C, and at temperatures above 600 C one can observe the transition from a 

viscoelastic to the Newtonian liquid. Because pavement temperatures during the service 

life are between -30° C and 60° C (except for the extreme climates where it can be as low 

as -40° C and as high as 80° C) paving asphalt is usually characterized by its dynamic 

material functions. At high temperatures, when asphalt is pumped or poured (between 

140° C and 180° C), it behaves as classical Newtonian fluid and then its shear viscosity is 

of practical interest. 

The situation is more complicated in polymer modified asphalts. These materials 

exhibit shear-rate dependent viscosity and the investigation of viscosity function can 

reveal some effects which are not so obvious from the study of dynamic material 

functions. Moreover the viscous flow is present in dynamic experiments and it is 

important to estimate the role of viscous deformation in some of these experiments. This 

can easily be done for the loss compliance [17, 18]. In loss compliance, the viscous 

contribution is explicitly present as an additive term [17] 

f d1n?+1/i0 
_cOl+ (&)2 

(1) 

Here L(2) is the retardation spectrum of retardation times, c is the frequency, and 

i10 is the zero shear-rate viscosity. The limiting viscosity go can be estimated from the 

asymptotic behavior of P(a), for co - 0. The problem is that the very low frequency 

behavior of asphalt is not easily accessible thus the estimates of rio from the low 

frequency asymptote of J" may not be sufficiently precise. 
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Another example of the importance of the zero-shear rate viscosity is the dynamic 

creep experiment, currently proposed for the study of accumulated strains in asphalt [13]. 

In this test, a train of small shear stress pulses of one-second duration followed by ten 

seconds of recovery is applied to the tested asphalt and the accumulated strain is studied 

in many cycles. The situation in the n-th cycle, of this test is described by the following 

creep compliance function: 

Creep: 10(n— 1)<t< 10(n— 1)+1 

N-I ( t-I0(n-1) 

J(t)= (n _l)A + t_ 10(n_1)+Jg +j i—e 
110 j=l 

Recovery: 10(n-1) + 1 < t < 10(n — 1) + 10 

N-I ( - t-10(n-I)-I t-I0(n-l) 

J(t)=(n-1)A+1/i10+Je " —e Aj 

A =l/i 0 
i=1 ( 

(2) 

(3) 

Here the set of couples of real and positive numbers Iii, A. 1i=1,2,3 _., N_1 represents 

the discrete retardation spectrum, [19]. 
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In asphalt, regular or polymer modified, the terms containing the retardation 

spectrum are usually very small and the strongest contribution to J(t) (or accumulated 

strain) comes from the reciprocal value of the zero-shear rate viscosity 10. Then of course 

even a small uncertainty in the value of 10 can have a great impact on the determination 

of the accumulated strain. 

EXPERIMENTAL 

Asphalt of 200/300 Pen grade was modified by: 

radial SBS (average molecular weight 150 000, B/S ratio 70/30) 

linear SBS (average molecular weight 180 000, B/S ratio 72/28 

high molecular weight EVA (25% of vinyl acetate) 

Samples of modified asphalts were prepared in various concentrations of the used 

polymers. In each case, material homogenized by the high shear mixer (170° C) was 

poured into rubberized molds. After cooling down to the room temperature the samples 

were used for rheological testing. The rheometer used was ARES-33A of Rheometric 

Scientific. The testing geometries were plate-plate (diameters 6 - 50 mm) and cone-plate 

(40 diameters 25 mm and 50 mm). In dynamic measurements the temperature was varied 

from -30° C to 80° C in order to construct the master curves of dynamic material 

functions [9]. The maximum strain was kept below 2% to ensure that all the 

measurements were in the linear viscoelastic region. The viscosity measurements were 

conducted at elevated temperatures (> = 30° Q. At these temperatures, the first normal 

stress differences were also measured. The results of dynamic measurements ere 

reported in [16, 18]; here we concentrate on the viscosity measurements. 

Figure 1 portrays the steady shear viscosity of the base asphalt at temperatures 

from 30° C to 70° C (temperature step 100 C, temperature increases from top to bottom). 
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At each temperature, the viscosity function is constant (r = r (T)) over a wide 

domain of shear rates with the exception of highest shear rates, where the dependence of 

1 on the shear rate ' begins. 

The situation is very different when the base asphalt is modified by the above-

mentioned polymers. Figure 2 presents the viscosity function at 70° C for the blends of 

the base asphalt with 4% of linear and radial SBS, and EVA polymers. 

In all of these modified asphalts, the viscosity function is decreasing roughly from 

the shear rate of about 0.1 5'. A clear "shoulder" of the viscosity function is seen in Fig. 

2 for the SBS blends. At T = 70° C this "shoulder" is not pronounced in the EVA blend. 

Only after raising the temperature to 80° C or higher, does the "shoulder" appear in this 

blend also. The shape of viscosity function also evolves with the concentration of the 

polymer in the base asphalt. This can be seen in Fig. 3, which portrays the viscosity 

function of several concentrations of radial SBS in the base asphalt at 70° C. 

It is interesting to plot, in one graph, the shear viscosity and the magnitude of the 

complex viscosity. Such plots accompanied by the plot of the loss tangent (tan 8) and the 

modified loss tangent (tan 8. =(J"—i/i0m)/J'), [18] are shown in Figs. 4- 8. On these 

plots one can estimate the role of viscous deformation (by comparing tan 6 and tan 6e) 

and check the validity of the Cox-Merz rule at domains where the shear rate and the 

reduced frequency are overlapping. Figure 4 presents such a plot for the base asphalt at 

T= 70° C. 

It can be seen that the steady-shear viscosity function i(i') and the magnitude of 

the complex viscosity (11*1) overlap on the interval (1,100) of the shear rates j', and the 

reduced frequencies z = oa1 (where the shifting factor aT is obtained from dynamic 

measurements). The composed viscosity function approaches the limiting value 

i10 = 18.8 Pa.s. 
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Figure 5 portrays the situation for the modified asphalt (4% linear SBS) at T = 800 

C. Here again the viscosities i(') and 1*1 overlap over several decades of their 

independent variables. At the domain of lowest frequencies, the composed viscosity 

seems to approach the value of 100 Pa.s. However, for j' < 0.1 the steady-shear 

viscosity is increasing, going through a maximum and finally approaching the value 

249.6 Pa.s, for ' 0.001 The complex viscosity is not available at such low 

frequencies. Here a relatively large difference between the limiting viscosity estimated 

from the dynamic and steady data is seen. 

A similar situation for the blend of the base asphalt and 4% of the radial SBS is 

found in Fig. 6. 

Here the difference between the limiting viscosities of ji1j and ii is small (36 Pa.s 

versus 45 Pa.$) and the pronounced maximum of ri(j'), observed in previous figure, is 

missing. By increasing the concentration of radial SBS to 6%, the situation observed in 

the 4% blend of linear SBS is approached, see Fig. 7. Finally the blend of the base asphalt 

and EVA polymer (4%), at T = 80° C, is portrayed in Fig. 8. The behavior of this blend 

resembles the behavior of the base asphalt. 

Figure 9 shows the first normal stress differences (Ni), at different temperatures, 

for the base asphalt and its blends with the studied polymers (all in 4% of the polymer). 

Here the temperatures are 50° C, 60° C and 70° C (from left to right). 

Qualitatively the Ni are similar in all the studied asphalts, however the magnitude 

of N1 is much larger in the blends containing SBS polymers. In asphalts modified by SBS 

the shear rate at which Ni rises significantly seems to correspond with the shear rate 

where the "shoulder" of the viscosity function ends and the second region of the decrease 

of i('c') begins. Again, the first normal stress differences in the base asphalt and its blend 

with EVA polymer (4%) are not much different. This points to the smaller effect of EVA 

polymer on the rheology of the base asphalt (at least at 4% concentration, which is 

usually employed by the asphalt paving industry). 
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During reviewing process the question of wall slip was raised. It is known, e.g. 

[20] that weakly flocculated and concentrated colloidal dispersions exhibit slip flow in 

shearing between smooth concentric cylinders. A large and seemingly discontinuous 

transition on the viscosity versus stress plot can be found in Fig.9 of Buscall et al., for the 

case of smooth cylinders. No such a steep decrease in viscosity can be seen in our data. 

Moreover the torque was always carefully monitored during the experiments, and in no 

occasion we have observed erratic or discontinuous behavior of torque. One can also 

point out that asphalt has a relatively high adhesive capability even on metallic surfaces 

(notice e.g. anticorrosion coatings of pipes). Thus we believe that the wall slip did not 

play a role in the presented experiments. Problem of slip, for asphalt systems, certainly 

occurs at low temperatures where the plate-plate or cone and plate geometries should be 

avoided and the torsion bar geometry is recommended. 

DISCUSSION 

A comparison of the composed viscosity functions (') and jil * (m) for the base 

asphalt, Fig. 4, and its blends with SBS polymers, Fig. 5 and Fig. 7, points to an 

important change in the rheological behavior of the blends. At low shear rates the shear 

viscosity seems to have two plateaus followed by a monotonic decrease in r - with 

increasing shear rate. The plateaus are further apart for the blend containing the linear 

SBS. Actually, the plateaus seem to be significantly separated only when the 

concentration of radial SBS is increased to 6%. 

When the base asphalt is modified by EVA (4%) polymer, there seems to be only 

one viscosity plateau (attained only at lowest shear rates) from which i(') is at first 

slowly decreasing and after a relatively short transition regime (in comparison with the 

base asphalt) the viscosity decreases similarly as in the base asphalt. 

The viscosity which, at low shear rates, has several regions is known to exist in 

liquid crystalline polymers [21, 22, 23] and filled polymers [24]. As in these systems, the 
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viscosity of the studied polymer modified asphalts is characterized by the two shear 

thinning regions, separated by an intermediate plateau. Polydomain structure in liquid 

crystalline polymers is assumed to be responsible for the low shear rate rheology and the 

molecular stresses control the high shear rate behavior [22]. Particle-particle interaction is 

believed to be responsible for the upturn of the viscosity curve (at low shear rates) in 

filled polymers [24]. 

Both of these mechanisms can have a role in forming the viscosity curve of 

polymer modified asphalts at low shear rates. In any polymer modified asphalt with low 

concentration of a polymer, the inclusions of polymer interact with asphaltene micelles. 

In an asphalt modified by SBS polymer, the interdispersing oils of asphalt swell the 

polystyrene phase, thus simulating the effect of greater polystyrene concentration. With 

increasing polystyrene concentration the endblock phase starts to comprise a network of 

the rubber phase and becomes first rod like and then plate like. The orientational effects 

in such structures can contribute to the peculiar forms of the viscosity curve in asphalts 

modified by SBS polymers. The steady shear viscosity and the magnitude of the complex 

viscosity (overlapping part of ii *1) for the base asphalt modified by 4% linear SBS, and 
6% and 4% radial SBS, at T = 80° C, is shown in Fig. 10. 

Here, the two shear thinning regions, separated by a plateau, are observed in all 

the portrayed modified asphalts. If there is an oriented structure, it might dominate the 

rheology at low shear rates. At higher shear rates, the orientational effects are much 

weaker than the dynamics of the micellar system of asphalt and SBS molecules. Then at 

high rates of deformation (or low temperatures) where the material properties have to be 

described by dynamic functions, the dynamics of the structure of the base asphalt 

dominates (if the concentration of polymer is low). 

The viscosity data, in Fig. 10, can be described by the two-mode Carreau 

viscosity model [22], 
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a—c C  
+ 

(i+(, x )2)b (l + (x 2x)2)d 
(4) 

Here, x = j' or m, the limiting viscosities of plateaus are represented by 

parameters a, and c, b and d are the power-law exponents. Two characteristic times (2i, 

2 2) correspond to the evolution of the orientational structure (?.i)' and the asphalt-SBS 

micellar system (?2). The prominence of the plateau region which separates the two shear 

thinning regions is diminishing with decreasing concentration of radial SBS. Moreover, 

the orientational effects are more strongly demonstrated in the blends with linear SBS 

than in the blends with radial SBS. As pointed out earlier, the blends of the base asphalt 

and EVA polymer shows almost no orientational effects, see Fig. 11. This figure 

portrayed 4% blends of the base asphalt with three studied polymers.The parameters of 

Carreau model [4] for the tested materials are given in Table I. 

The smaller time parameter (?i) characterizes the domain of high shear rates 

(frequencies); the larger time parameter (22) characterizes the domain of low shear rates. 

The primary normal stress difference Ni and the values of 2G' overlap 

approximately for ', m E (1s' ,100s' ), in all the studied polymer modified asphalts, see 

Fig. 12. Such an overlap is characteristic for linear flexible polymers [23]. 

More fundamental questions about the observed behavior of the viscosity function 

remain. In trying to find the anwers to these questions one can point to the several recent 

developments. 

Micrographs of polymer modified asphalt show the polymer phase- in the form of 

inclusions "floating" in the asphalt matrix. In higher magnifications an irregular network 

of polymer phase is observed. In asphalt modified with SBS copolymers the polymer 

network is more "fine" for linear SBS than for radial SBS [25]. The appearance of 



211 

polymer networks is changing not only with the concentration of polymer but also with 

the base asphalt. 

In studying the effects of polymer modification on microstructure of asphalt 

binders and their paving mixes Shin and collaborators [25] used electron beam etching in 

environmental scanning electron microscope (ESEM). They found a highly entangled 

three-dimensional network structure in both straight and polymer modified asphalts 

(SBS, 2% and 5%). According to these authors the structure is the network of high 

molecular weight asphaltenes and resins revealed by localized heating of the beam which 

volatilizes the low molecular oils in asphalt. From the in situ tensile fracture test (in 

ESEM) the authors concluded that the fracture behavior of their base asphalt was strongly 

affected by SBS modification. Both failure modes, adhesive and cohesive, as well as the 

micro-deformation mechanisms were strongly influenced by polymer modification. 

Basically the network of fibrils which were short at the break was observed in the straight 

asphalt. In polymer modified asphalt the fibrils were very elastic and long at the break. 

Assume for a moment that the asphalt can be described as a transient network of 

elastic fibrils. Tanaka and Edwards [26] developed the theory of transient networks 

which can describe the shear thinning and thickening in the non-Newtonian viscosity 

function. These two regimes are given, in the theory, by the form of disengagement 

function. Thus applied to asphalt systems, this theory seems to be able to distinguish the 

straight and polymer modified asphalt by the choice of the disengagement function. 

However, Tanaka and Edwards theory also predicts the breakdown in the Cox-Merz rule 

at higher shear rates and does not predict the concentration dependence of rheological 

characteristics. These drawbacks constitute problems in applying the theory to asphalt 

systems. 

The other possibility is to assume that asphalt systems are colloidal suspensions. It is 

known, e.g. [27], that in concentrated suspensions the size, size distribution, shape, 

rigidity and volume fraction of particles have a great impact on rheological properties of 

these systems. Also the particle interaction forces strongly influence the material 
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functions. Recently it was suggested [28] that there might be a material instability in 

colloidal suspensions. This instability leads to either abrupt stoppage or rapid flow for 

slowly decreasing or increasing stress. Related phenomenon is the shear banding in 

which the plateau of stress as a function of the shear rate is associated .with shear melting 

(shear-induced phase transition or transition in particle arrangement in suspensions). 

Such a behavior was observed in various systems, e.g. lyotropic liquid crystals [29] and 

colloidal crystals [30]. In [28] the structuring and destructuring of the network of 

interactions between particles are the two generic processes which lead to "pathological" 

rheological behavior in very different systems. However, a complete microscopic picture 

is still missing. 

CONCLUSIONS 

Asphalt rheology resembles one of the low molecular weight polymers. By blending 

the regular asphalt with polymer modifiers, a new material with different rheological 

properties is obtained. The shear rheology of a polymer modified asphalt depends on the 

type of the polymer and resembles the rheology of filled polymers or the rheology of 

liquid crystalline polymers. In the blends of regular asphalt with SBS polymer, the high 

temperature-viscosity curve has two shear thinning regions separated by a plateau. This 

behavior is very "weak" in the studied blends of the base asphalt and EVA polymer. The 

strongest effect, from the studied polymers, on the low shear- rate region of the steady 

shear viscosity has the linear SBS. For blends with radial SBS, one can observe the 

increasing influence of polymer with its increasing concentration. The steady shear 

viscosity and the magnitude of the complex viscosity overlap in the domain of low 

reduced frequencies and the upper half of the domain of the used shear rates. A similar 

overlap is observed for the primary normal stress difference and M( m), in the studied 

polymer modified asphalts. It is clear that the steady shear data represent an important 

complement of the dynamic data in the study of polymer modified asphalts. 
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The explanation of the observed behavior of the steady shear viscosity, in polymer 

modified asphalts, by the theory of transient networks or by the material instability in 

colloidal suspensions seems to be possible. However, the complete understanding of the 

structure of asphalt and its blends with polymers is still incomplete. Notwithstanding 

these theoretical problems, the presented results should serve as a warning to various 

attempts to determine the zero shear rate viscosity from the limited dynamic data and 

oversimplified models of complex viscosity. 
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Base Asphalt 
Modification 

a 

[Pa.s] 

c 

[Pa.s] 

2t4 

[s] 

X2 

Is] 

b 

[-] 

d 

[-1 
4% linear SBS 255.012 166.964 0.591 6.812 0.179 1.955 

6% radial SBS 130.976 58.868 0.105 7.031 0.160 0.938 

4% radial SBS 45.550 17.677 0.039 9.340 0.150 0.148 

4%EVA 17.123 6.596 0.005 111.907 0.165 0.0054 

Table I. Parameters of Carreau model (two modes, Equ.(4)), T = 800 C 
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Figure 5. Steady state viscosity and dynamic functions for the modified asphalt @ T = 800 C. 

4% linear SBS. U + A tan 8, G tan 8 



222 

ta
n 

o, 
ta

n 
öe

, 
TI
, 

111
*1,

 [
Pa
.s
] 

1000 

100 

10 

I 

0.1 

0.01 

 •  +.  

 iiii     I  i  i• .  

.4 0 4 8 12 
log y , log w , [s"1 rad..s 1] 

Figure 6. Steady state viscosity and dynamic functions for the modified asphalt @ T = 800 C. 

4% radial SBS. • il, + A tan 6 , 0 tan 6e. 



223 

4 0 4 8 12 
log y , log w , [s-I, rad.s 1] 
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5. Asphalt paving mix 

5.1. Traffic loading and mix design 

Together with asphalt binder, modern asphalt hot mix (HMA) was introduced to the 

world one century ago. Typical HMA consists of three phases - a solid part formed by 

aggregates and a viscous part formed by asphalt binders. The third phase, air, is usually 

present at a volume similar to that of the binder. It is the interaction between these 

materials that gives HMA unique building properties. About 80 percent of paved roads in 

Northern America are based on hot mix asphalt. 

The evolution of asphalt mix design and pavement maintenance went through 

many changes during past decades, however, it is still difficult to find a universal model 

which would completely describe and predict the HMA performance. Most of the tests, 

performed on paving mix, are based on empirical correlations of the HMA properties 

with the pavement performance. The methods of Marshall and Hveem have been known 

since the mid 20t11 century. With the increase of traffic and load some pavements started 

to fail prematurely and new methods, describing the asphalt concrete behavior were 

formulated. Part of the SHRP program was the development of asphalt - aggregate 

performance based specification for asphalt aggregate mixtures. The idea was to 

implement the basic engineering properties, which would lead directly to the pavement 

performance. 

According to the SHRP program, several areas had to be investigated: 

• Definition of the fundamental properties of the HMA 

• Evaluation of the HMA as part of the structural design 

• Better understanding of asphalt - aggregate interaction 
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The trend in the past two decades was to successfully substitute empirical and 

semi empirical testing methods with the new methodologies that would better describe 

failures connected with HMA. The goal of a "simple performance test" was to measure 

accurately and reliably mixture response characteristics or a parameter that is highly 

correlated to the occurrence of pavement distress over a diverse range of traffic and 

climatic conditions. It is also desirable that during the test a fundamental engineering 

material property is measured. Therefore, problems such as low temperature cracking, 

permanent deformations, fatigue, aggregate adhesion, water sensitivity and aging of 

compacted mix have to be investigated and evaluated. 

liesign factors 

During its lifetime, HMA is exposed to numerous parameters which affect its 

durability and good riding conditions. Traffic, which generates the loading and impact of 

the environment can be considered as the most important. 

Traffic and loading 

The effect of traffic and loading includes axle loads, the number of repetition tire 

contact areas and speed of the vehicles. Traffic loading applies compressive and shear 

stress to the pavement. Truck vehicle cause most of the damage and the 100 kN 

equivalent single-axle load (ESAL), load per axle has to be taken into consideration. The 

Guide for Design of Pavement Structures published by the AASHTO is commonly used 

to design pavements with traffic loadings greater than fifty million equivalent single-axle 

loads. In the mechanistic design methods, it is also necessary to know the contact area 

between the tire and the pavement. This area can be influenced by the low and high tire 

pressure. Truck tire inflation pressure has increased dramatically in past decades from the 

550 kPa to the average 700 kPa, sometimes more than 900 kPa [1]. The impact of a 
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vehicles speed to loading frequencies is shown in Table 5.1. Loading frequency is a 

function of speed and distances of axles. The continuous movement can be therefore 

characterized by the range of 0.8 to 23 Hz. Moreover, speed is also directly related to the 

duration of loading. Generally speaking, the greater the speed, the larger the modulus and 

the smaller the strains are in the pavement. Temperature is the second factor that 

influences the loading time. Road research [2], recorded the typical response from a 

longitudinal strain gage of the 150 mm thick HMA layer at 25° C under the trailer 

loading. Output signals revealed load duration from 50 to 100 milliseconds from the 

single axle at the vehicle speed of 50 km/h. Considering the dual axle as one, the time of 

loading can be extended to a range of 200— 300 milliseconds. 

Vehicle type/axle distance (m) 20 km/h 50 km/h 100 km/h 

Typical 

semitrailer 

WB-40 

1.2 4.6 11.6 23.1 

I 1[;, 4 1.4 3.5 6.9 
00 0 

7 4 
7 0.8 2.0 4.0 

Large 

semitrailer 

WB-50 

1.2 4.6 11.6 23.1 
I 

4.9 1.1 2.8 5.7 
00 000 
11.21 7.9I l. 4.9 

7.9 0.7 1.8 3.5 01140114 

Table 5. 1 Loading frequencies in (Hz) for commercial trucks at given speed [31 

In urban areas, the vehicle is accelerating or breaking most of the time while on 

the road. The average distance to stop is calculated in Table 5.2. During this time, a road 

element is exposed to high frequencies, which achieve the largest deformations at high 

temperatures, Figure 5.1. Under these traffic conditions, frequencies involved during 
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breaking can exceed 1000 Hz [4], while normal, continuous movement is usually 

described by 10 Hz. 

For asphalt pavement, zero grade 20 km/h 50 km/h 100 km/h 

new tires, dry surface 
2 

13 

428 
wet surface 89 

worn tires, dry surface 
2 

54 

wet surface 89 

Table 5. 2 Breaking distances in (m) at given speed to stop [51 

b. continuous movement 

Figure 5. 1 Deformation of an HMA element caused by vehicles 

Environmental conditions 

c. vehicle deceleration 

As previously mentioned, temperature influences not only loading time, but 

together with precipitation it affects HMA from the environmental point of view. High 

temperatures affect moduli and contribute to greater plasticity and viscosity of the mix on 

one side of the temperature scale, while the thermal cracking occurs at low temperatures. 

It is generally believed that properties of the mix are governed by asphalt binders at low 
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temperatures, by asphalt - aggregate interaction at intermediate temperatures and 

predominantly influenced by aggregates at high temperatures. A proper PG grade for the 

asphalt binder has to be used to prevent these failures. Moisture is one of the factors in 

the deterioration of the asphalt pavement; however, a detailed description of this problem 

is beyond the scope of this thesis and therefore , only a list of major problems follows. 

Three mechanisms of moisture damage in asphalt pavements [6: 

• Loss of cohesion (strength) and stiffness of the asphalt film 

• Failure of the adhesive bond between the aggregate, and asphalt cement 

(stripping) 

• Degradation or fracture of the aggregate, particularly when the mixture is 

subjected to freezing 

Asphalt mix test methods 

Most recent tests are based on stiffness evaluation. The stiffness measured in the 

laboratory is commonly used as an input to structural analysis models to predict 

pavement response under the load. Various types of material functions including creep 

compliance, relaxation and resilient modulus and phase angle can be measured or 

calculated. Bulk specimens such as cylinders, hollow cylinders and beams are the 

common testing samples. These can be prepared by a variety of compacting methods 

such as gyratory, Hveem, Marshall and the linear kneading compactor, or can be obtained 

by coring directly from the pavements. The mass of these samples varies from one to five 

kilograms. Tests are usually performed using robust servo - hydraulic apparatus (MTS, 

Interlaken, Instron) or servo - pneumatic machines (NU tester). 

TTS with paving mix 
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HMA is visco - elasto - plastic material. However, loading for normal conditions 

(speed higher than 40 km/h at intermediate temperatures) shows that HMA can be 

defined as linear viscoelastic and thermorheologicaly simple (TRS) material. It is shown 

in [7,8] that paving mix can be characterized in terms of time and the temperature 

parameter. When strain is kept in an order of less then a tenth of the deformation [9], the 

time - temperature - superposition principle (TTS) can be applied and a single HMA 

master curve can be formed by horizontal translation of data at different temperatures 

along the time axes. The superposition principle enables the comparison of master curves 

of the asphalt binder, mastic and HMA, tested at the same conditions. It also allows us to 

study materials at broad frequency and temperature ranges. 

HMA gradation 

From The City of Calgary standards [10], "B Mix" was chosen as the design. 

paving mix. A gradation curve was obtained by combination of four aggregate types. The 

ratio of 16 mm Clear Rock, 9.5 mm Crush, 4.75 mm Washed Sand, and 4.75 mm 

Manufactured Sand is 21: 48: 16: 15 in the mix. Table 5.3 and Figure 5.2 summarize 

percentages of the material retained on the sieve size, percentages of passing for the Mix 

B hot design, and a graphical design with all gradation limits. 
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sieve size design gradation limits 

MM % passing Minimum Maximum 

20 100 100 100 

12.5 96.0 93 99 

10 88.0 85 91 

5 64.0. 61 67 

2.5 47.0 44 50 

1.25 36.0 33 39 

0.63 27.0 24 30 

0.315 17.0 15 21 

0.16 10.0 7 13 

0.08 6.5 6 8 

Table 5. 3 Grain size distribution curve for HMA B mix design 



236 

To
ta

l 
pe

rc
en

t 
pa

ss
in

g 
(%

 

100 

80 

60 

40 

20 

0 
0.1 1.0 

Sieve Size (mm) 

10.0 

- Marshall Limits 
- Gradation design 
• Superpave lower limits 
o Superpave upper limits 

Superpave restricted zone 

Figure 5. 2 Graphical plot of HMA B mix design 

As shown, the grain distribution curve meets all the criteria for Superpave design, 

and other HMA properties are based on the City of Calgary Marshall design, as listed in 

Table 5.4. 

Marshall characteristics 
Mix   

surface and overlay 

VMA (%) 14 mm 

Plant Mix Moisture (%) 0.2 max 

Marshal Stability (N) 7 100 mm 

Flow (0.25rrim units) 10 - 16 

Air Voids (%) 3 - 5 

Table 5. 4 Properties for laboratory compacted plant Mix B 
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HMA sample compaction 

Originally developed as a standard compacting method for the rutting wheel test, 

the linear kneading compactor seems to be a universal device with excellent results [11]. 

The apparatus contains two molds, a set of small plates (lamellas) and a roller. The 

asphalt mix is kept in the lower mold while lamellas are placed in the upper mold, laying 

on the mix and gradually penetrating into the uncompacted asphalt mix by the slow 

moving roller from the top. The height of the lamellas corresponds to the upper size of 

the mold. The number of passes of the roller depends on the asphalt mix design and 

excessive fines in the mix usually extend compacting effort. The compaction is complete, 

when all the tops of all the lamellas reach the rim of the upper mold in which they are 

placed. Once the rolling wheel is no longer in contact, all pressure is carried by the molds 

and the load can be released. The amount of material for the sample preparation is 

determined by the designed specific gravity of the asphalt mix. Described procedure is 

schematic depicted in Figure 5.3. 

Figure 5. 3 The principle of linear kneading compaction 

Samples prepared by the linear kneading compactor were made in cooperation 

with the Czech Technical University (CTU), Department of Roads and Transportation. 

Samples were prepared according to Czech standards [12], and loose HMA was supplied 

by the University of Calgary. 
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Sample preparation 

Unlike conventional HMA testing, samples obtained in this research were cut 

from bulk compacted specimens in order to fit into the environmental chambers of 

commercial rheometres. Bulk core samples and briquettes from the linear kneading 

compactor were sliced into a desired dimension by a diamond saw provided by MTE 

Services, Inc. For testing in the bending beam rheometer, samples with dimensions of 

6.25 - 125 - 12.5 mm and weight of 25 g, were taken from briquettes of the linear 

kneading compactor. Samples for dynamic oscillations in DSR, in dimensions of 55 - 12 

- 2.7 mm and weight 4 g, were taken from cores directly from the pavement. Dimensions 

of all samples were checked by the micrometer several times, due to irregularities caused 

by cutting. 
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ABSTRACT 

Commercially available rheometer was used for the testing of one polymer 

modified asphalt, one mastic and one paving mix. These materials were studied in small 

amplitude oscillations and in the step strain experiment. Relaxation spectra obtained from 

the dynamic testing were used for the calculation of the linear viscoelastic relaxation 

moduli. These were compared with the moduli obtained in the step strain experiment. 

INTRODUCTION 

Asphalt and mixture of asphalt and aggregate (mix) are major components of 

many transportation structures (highways, airfields and roads). The knowledge of the role 

of time and temperature in constitutive relations (stress-strain characteristics) of asphalt 

and asphalt paving mixtures is of considerable interest for engineering applications. A 

useful framework for studying the mechanical properties of asphalt and pavement is the 

theory of viscoelasticity. 

Many theoretical and experimental methods of viscoelasticity were developed for 

polymeric systems, e.g. [1]. Nowadays, several companies worldwide produce 

sophisticated rheometers for studying a wide spectrum of materials. In most of the cases, 

the studied samples are fluids or soft materials. However, a good modern rheometer is 

also capable of testing viscoelastic solids. It has to be stressed that whether the sample is 

considered as a fluid or a soft material depends on the temperature and the frequency 

range of the particular test. Neat asphalt, conventional or polymer modified, can be 

usually tested in shear flows (parallel plates or cone and plate geometry) for the 

temperatures from -20° C to 80° C. For temperatures higher than 90° C, the coaxial 

cylinders should be used. For temperatures less than 200 C the plate-plate geometry can 

be used only with caution and the torsion bar geometry is preferred [2]. Similar note 

applies to the testing of asphalt binder mastics (in this case the cone and plate geometry is 



242 

prohibited, due to very small gap between the cone and plate). Typically the shear 

modulus of asphalt is < 1 e+09 Pa, for asphalt binder mastics the value is 1 e+09 Pa, and 

for mix the maximum values are as high as le+lO Pa. It is clear that for mix, the simple 

shear geometry is not suitable (in conventional rheometers) and torsion has to be applied 

to the samples in the form of thin bars with rectangular cross-section. These bars have to 

be cut from the mix briquettes, using a diamond saw. The bars of asphalt or mastic 

(prepared in specially constructed aluminum molds) can be also tested. 

Viscoelasticity of Asphalt and Aggregate Mix 

Viscoelastic character of asphalt was recognized in late fifties and early sixties of 

the last century [3]. It is generally accepted that the response of asphalt to small 

amplitude oscillations in shear is linear and the time-temperature superposition principle 

can be applied to such deformations, e.g. [2]. According to Monismith and coworkers [4] 

asphalt paving mixtures also exhibit linear viscoelastic properties, at very low 

deformations. By studying the creep of asphalt paving mixtures Vakili [5] arrived at the 

same conclusion. Goodrich studied mixtures of asphalt with the mineral filler and large 

aggregate in small amplitude oscillations [2] and found again that at very small 

deformations these materials behave as a linear visco elastic material. It is known [1] that 

the shear relaxation modulus, measured in the step-strain experiment, is especially 

sensitive to the magnitude of the applied step deformation. Thus, we have decided to 

accompany the dynamic testing of asphalt and its mixtures by the step-strain experiments. 

These experiments should help to understand the role of strain in different loading 

regimes and constitutive relations of the tested materials. 

Complex materials relax (mechanically) in a broad spectrum of relaxation times, 

which are not directly accessible but can be extracted from the stress-strain data of linear 
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viscoelastic experiments. Dynamic mechanical data contain all the information needed 

for the calculation of the discrete relaxation spectrum from the storage (0') and the loss 

(Ott) moduli. 

The linear viscoelastic behavior in simple shear is described by the linear 

constitutive equation, 

t(t)= JG (t—t')(t')dt' (1) 

where ' represents the shear stress, j' is the shear rate, and 0(t) is the relaxation 

modulus. For large strains, the relaxation modulus is not simply the functions of time 

only, but it depends also on the magnitude of the strain. 

The relaxation of the shear stress r after a step in shear strain y, from the state of 

rest, can be expressed through the relaxation modulus 

(2) 

The linear viscoelastic modulus is now given as, G (t) = urn G (t, y). 

It has been suggested [6] that beyond a certain time (characteristic for the system), 

the modulus, G(t, y), can be factored as 
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G (t,y)= G (t)h(y) (3) 

The damping function h(y) should be a monotonically decreasing function of y, 

and h(0) = 1. If the factorization (3) holds a great simplification of many nonlinear 

constitutive equations can be achieved. The idea of factorized relaxation modulus 

(memory function) is widely used because of its practical convenience, however there is 

no fundamental basis for this hypothesis. Recently Kwon and Cho [7] showed that the 

time- strain separability implemented in viscoelastic models leads to ill-posed behavior of 

these models. 

EXPERIMENTAL 

Small amplitude oscillations and relaxation (after a step strain) data on artificially 

aged polymer modified asphalt (PMA) its mix with mineral filler (mastic) and a sample 

of the pavement were obtained. PMA is the base asphalt 200/300 Pen grade modified by 

4% of the radial styrene-butadiene-styrene polyblock copolymer. This modified asphalt 

was aged in the Rolling Thin Film Owen (RTFO) in order to reflect the property of 

binders in the asphalt pavement mix, [2]. Mastic used in this work is the mixture of the 

RTFO aged PMA and mineral filler, ratio 1:1 by weight and the maximum grain size 

0.008mm. Paving mix samples were obtained from the city of Calgary. Cores drilled 

from the pavement were cut into the small torsion bars 55 x 12 x 2.7 mm. The pavement 

was designed from the PMA mentioned above and aggregates of four different sizes. 

Materials and manufacturing of the pavement are standard according to the Engineering 

Department of the city. 
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All reported measurements were performed in the strain-control rheometer ARES 

33 of Rheometric Scientific. PMA asphalt was tested in plate-plate and cone and plate 

geometries. The diameters of geometries ranged from 6 to 40 mm and the cone angle was 

0.1 rad. Mastic samples at elevated temperatures were also tested in plate-plate geometry. 

Testing at low temperatures (<l00 C) was done on samples in the form of a torsion bar. 

The fluid asphalt or mastics were poured into the preheated aluminum molds. The inner 

sides and the bottom of the mold were treated with a release agent. After cooling period 

of 45 minutes samples were trimmed with a hot knife and then stored at constant 

temperature of -25° C. The dimensions of the sample were checked, recorded and used as 

entries in the experiment setup. The samples of the pavement were cut into the above 

mentioned torsion bars. Only after a careful visual and metric inspection, the samples 

were allowed for the testing. Dynamic testing of PMA and mastic samples was performed 

at temperatures ranging from -32° C to 80° C. For pavement samples the upper bound 

temperature was 50° C in order to avoid the changes in the shape of the testing 

rectangular bars. The deformation, in these tests, was kept below 0.6% to ensure that the 

linear viscoelastic limit was not overreached. With such low deformation, the time-

temperature superposition was possible for all the tested materials. Then the master 

curves of the storage and loss moduli were constructed. By using a commercial software 

IRIS [8] the relaxation and retardation spectra of the tested materials were calculated. 

From these, the linear viscoelastic modulus G(t) at the reference temperature T = 50° C 

was calculated. It is worthwhile to mention that the combination of the plate-plate, cone 

and plate and torsion bar geometries was possible for PMA as well as mastic samples. 

For the step strain experiments in PMA and mastic (temperature interval from - 

10° C to 50° C ) the plate-plate geometry was used. The torsion bar geometry was used 

for the samples of the pavement, in the same temperature interval. 
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RESULTS AND DISCUSSION 

The linear viscoelastic behavior of the tested materials, represented by the storage 

and loss moduli, is portrayed in Fig. 1 where the master curves at Tr = 50 °C are shown. 

The shifting factor aT is well portrayed by the Williams-Landel-Ferry (WLF) relation, [fl 

for all the tested materials. Dynamic material functions of PMA and mastic are 

qualitatively similar. Clear distinction between the pavement and asphalt or mastics is 

observed. 

An attempt to perform the step strain experiment for a wide domain of strains was 

only partially successful. Reproducibility for strains larger than 5% was poor at elevated 

temperatures, in PMA and mastic. In these materials the strain dependency of the 

relaxation modulus G(t, y) seems to decrease with increasing temperature. Due to the 

limitations of the rheometer, it was not possible to achieve strains larger than 5% in the 

samples of the pavement. However even for such low strains the relaxation thodulus of 

the pavement exhibits a strong strain dependency, see Fig. 2. Relaxation moduli, with ' < 

0.05%, measured at different temperatures can be superposed into the master relaxation 

modulus. The results of this time-temperature superposition are shown in Fig. 3. 

For such small strains, the resulting "master" modulus should be very close to the 

linear viscoelastic relaxation modulus. The confirmation of this, for the pavement, is 

shown in Fig. 4. Similar results were obtained for PMA and mastic samples. On the other 

hand, an attempt to superpose the graphs of G(t, y) vertically, for different strains, was 

not successful. Thus, the hypothesis of the strain separable relaxation modulus cannot be 

applied to the tested materials. 

For very small deformations, all the tested materials behave as linear viscoelastic 

systems. Thus by obtaining the relaxation and retardation spectra one should be able to 

predict other material functions and properties not only for asphalt but also for the 
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pavement sample. For example, since the maximum of the loss modulus determines the 

glass transition temperature (Tg) it is possible to calculate Tg for the given frequency, [9]. 

An example of such a calculation for co = 1 rad/s is given in Fig. 5. From the master 

curves of G" and the WLF forms of the shift factors (aT) the frequency domain was 

transformed into the temperature domain. The maxima of G"(T) then show how is the 

glass transition temperature shifted in the tested materials. The estimated Tg 15 -30.7° C in 

asphalt, -29.2 °C in mastic and -22.5 °C in the sample of the pavement. 

CONCLUSION 

It was demonstrated that a commercially available rheometer frequently used for 

the testing of asphalt samples could be also used for the testing of pavement samples. For 

very small deformations the asphalt as well as the pavement samples behave as linear 

viscoelastic materials. Generally, the time-strain separability does not hold for asphalt 

and pavement samples. On the other hand, the time-temperature superposition seems to 

hold in these materials, at least up to moderate temperatures and not very large strains. 

Thus, master curves of various linear viscoelastic material functions can be constructed. 

These are generated by relaxation and retardation spectra i.e. the linear viscoelastic 

modeling of pavement is possible after obtaining the relevant dynamic data. 
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Figure 1. Storage and loss modulus - master curves, Tr = 500 C. • pavement, A mastic, 0 asphalt. 
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ABSTRACT 

A possibility to use commercial rheometers for comprehensive testing of 

asphalt binders, asphalt mastics and hot mix asphalts (HMA) is explored in this 

contribution. Samples of one polymer modified asphalt; its mix with fine mineral 

filler (mastic) and one HMA prepared with the same modified asphalt as binders 

were tested in the dynamic shear rheometer (DSR) and the bending beam 

rheometer (BBR). All tested materials can be characterized by their discrete 

relaxation and retardation spectra (under the condition of small deformations). 

DSR testing was done in the plate-plate and the torsion bar geometry. From the 

obtained relaxation and retardation spectra the shear compliance 3(t) was 

calculated and compared with the tensile creep compliance, D(t), measured in 

BBR (both creep and recovery experiments were run). A simple relation between 

J(t) and D(t) was found for the asphalt binder and asphalt mastic. In the case of 

HMA the bulk compliance, B(t), contributes to D(t) at short and long times. Both 

the Boltzmann superposition principle and the time temperature superposition 

principle hold for all tested materials, at low temperatures, very well. There are 

qualitative differences, in the rheological behaviour, of the asphalt binder and 

asphalt mastic on one side and the HMA on the other. These differences can be 

seen in dynamic (DSR) as well as in transient (BBR) experiments. 

INTRODUCTION 

Hot mix asphalt (HMA) is a mixture of coarse mineral material, mineral 

filler and a relatively small amount of asphalt binder. Roughly speaking, HMA is 

a solid mineral matrix with elements of various sizes and on average about 4% of 

air voids, connected by a liquid asphalt binder. It is interesting that a small 

amount of binder (about 5% by mass) has a strong impact on the mechanical 

properties of the paving mix. In the search for high performance, asphalt binder is 

quite often modified by various polymers [1,2]. For the best results, the polymer 
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additive should form an additional matrix of microscopic inclusions in the base 

asphalt. Asphalt is considered to be a colloid containing micelles - asphaltenes 

surrounded by a layer of low molecular weight hydrocarbons and dispersed in 

oils, for more details see e.g. [3,4,5]. Thus in purely mechanistic phenomenology 

one can see the sequence of solid or solid-like elements connected by a fluid 

environment developing from the micellar system of asphalt through the modified 

asphalt to the paving mix. 

In small deformations the rheological behavior of conventional asphalt 

resembles the one of a low molecular weight polymer [6], i.e. it is a linear 

viscoelastic material. At low temperatures (or short loading times) the behavior of 

asphalt is approaching the behavior of elastic solids. With increasing temperature 

a weak viscoelastic behavior is observed, this is then followed by domain 

governed by viscosity, at high temperatures (or long loading times). The aging of 

asphalt generally shifts its properties to more solid-like [7]. Much greater impact 

on the rheological properties of asphalt has its modification by polymers. 

EXPERIMENTAL 

In this study, we discuss the base - conventional asphalt of 200/300 Pen 

grade modified by 4% of the radial styrene-butadiene-styrene polyblock 

copolymer (SBS). To simulate the properties of asphalt binder in the newly 

constructed asphalt pavement the asphalt was aged in the rolling thin film oven 

(RTFO), [8]. The aged polymer modified asphalt (PMA) was mixed with a fine 

mineral filler and the resulting asphalt mastic was also studied. HMA, prepared 

from the previously tested PMA, was also evaluated. HMA samples were 

compacted and cut in to rectangular bars. 
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Dynamic properties of the base asphalt (RTFO aged), PMA (RTFO aged), 

asphalt mastic (RTFO aged PMA and mineral filler, 1:1 by mass) and paving mix 

are shown in Fig. 1, where the master curves of the loss tangent are compared. 

First, one can notice the change in tang of the base (conventional) asphalt and 

PMA. Qualitative behavior of asphalt mastic is similar to that of the PMA. The 

loss tangent of the paving mix exhibits different behavior. Strong maximum 

instead of the wide shoulder is now observed. The data at temperatures 20 °C and 

above are not available for the HMA and only low and intermediate temperatures 

are shown in the Fig. 1. 

It follows from the previous figure and from plots of other dynamic 

functions (not shown here) that modification by 4% of radial SBS does not 

influences much the low temperature behavior (high-reduced frequencies) of the 

used binder. Clearly, the modification has the large impact on the high 

temperature behavior (low reduced frequencies) of the binder. The behavior of the 

asphalt mastic is similar, however the paving mix, even in the limited frequency 

domain exhibits qualitatively different dynamic properties from the binder and the 

asphalt mastic. 

Theoretically, the dynamic functions should give the sufficient 

information about the mechanical properties of linear viscoelastic materials. 

However, since dynamic measurements are never available over the entire 

frequency scale and the results are not known with an absolute precision, it is 

useful to look at other material functions for a more complete characterization of 

the studied materials. For all three materials the calculated shear compliance, J(t), 

constructed from the discrete retardation spectrum, is compared with the 

measured tensile creep compliance in the BBR. 
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Materials and their linear viscoelastic characterization 

As mentioned earlier the base asphalt used was the conventional asphalt 

200/300 Pen grade from western Canadian heavy crude oils. This asphalt was 

modified by 4% of radial SBS. The obtained PMA was artificially aged in RTFO 

in order to reflect the properties of asphalt binder in the fresh asphalt pavement 

[8}. Asphalt mastic was prepared by mixing the RTFO aged PMA with mineral 

filler in ratio 1:1, by mass. The maximum grain size of the filler was 0.008 mm 

and its density was 2700kg/rn3. HMA was taken directly from the paver during 

the construction and compacted by the linear kneading (wheel) compactor. The 

asphalt mix contained previously tested PMA, aggregate gradation curve met 

standards of the City of Calgary. The aggregate gradation is given in Table 1. 

Testing beams were cut from the compacted material. 

Dynamic measurements were used for the linear viscoelastic 

characterization of all three materials including the base - conventional asphalt. 

Tests were performed in strain-control rheometer ARES 33, Rheometric 

Scientific. At elevated temperatures (up to 80 °C) the plate - plate geometry was 

used for PMA and mastic samples. At low temperatures (less than 0 °C) PMA and 

mastic samples were tested on torsion bar geometry with the dimensions of 55-12-

2.7 mm. HMA, in the form of torsion bars, was tested at temperatures ranging 

from -32 °C to 20 °C. 

At higher temperatures, the testing of HMA was avoided in order to keep 

samples in rectangular shape. In several additional testing, it was found that for 

temperatures higher than 40 °C, the paving mix might exhibited plastic behavior. 

These tests are not considered conclusive and thus only a limited temperature 

range for the asphalt mix is discussed. For all the tested materials the time-

temperature superposition was applied and the master curves (files) of G' and G" 

were produced by using the commercial software IRIS. Relaxation and retardation 
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spectra were determined and other linear viscoelastic functions (G(t), J(t), etc.) 

calculated, [9]. The horizontal shifting factor, aT, satisfied the WLF equation in 

all the tested materials. No artifacts of physical hardening at low temperatures, 

[10], were observed and the unmodified WLF equation was used in the 

temperature range from -32 °C to 80 °C. As an example the discrete relaxation 

spectrum and the dynamic moduli for HMA are shown in Fig.2. 

THEORETICAL ANALYSIS 

Bending beam rheometer 

For samples which approach the hard viscoelastic solids, i.e. their moduli 

are reaching to le+08 - le+09 Pa region, the flexural testing geometry is favored 

[9]. The bending beam rheometer uses the flexure of a rectangular bar with knife 

edge support [9]. 

The extensional strain (s) - tensile stress (o-) ratio is obtained from the 

deflection (y) - force ( F ) ratio and the correspondence principle 

s4WH3y 
crL3 F () 

Generally the linear stress - strain relation is characterized by the 

combined change in volume and shape, i.e. the linear constitutive equation has the 

form [11] 

I • • 

T  {G(t_t'tY(t')_ 1 I  tr • Y(t')]+ 1 K(t_t')IfrY(t)}dt' (2) 

Here T is the stress tensor, y is the rate of deformation tensor, I is the unit 

S 3S 

tensor, try = Z y , G is the shear stress relaxation modulus and K is the 
1=1 

volumetric relaxation modulus. In simple extension experiment, an elementary 
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cube is elongated in one direction and the dimensions in the two mutually 

perpendicular directions change equally. The tensile stress (in the direction 1, i.e. 

T11 + p , where p, is the ambient pressure) is then given as, [12] 

U0=711 I G(t)+ !G(t - t')vfr)dt'] (3) 

where v is the Poisson's ratio (relation between the axial extension and 

lateral contraction) 

(4) 

In terms of the tensile relaxation modulus E(t) (time-dependent Young's 

modulus), the equation (3) is written as 

t) = _-E(t) (5) 

where s = Yii is the tensile strain. Note that in viscoelastic materials, v 

is a function of time. Only in perfect elastic solids or viscoelastic solids at 

equilibrium the Young's modulus is simply related to the shear and bulk moduli 
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[13]. In extensional creep, a sudden tensile stress o produces a time dependent 

strain s(t), 

s(t) = oD(t) (6) 

where D(t)is the tensile creep compliance. D(t) is related to the shear 

J and bulk B compliance as, [9]. 

(7) 
3 9 

When the pressure p is applied suddenly to a cubic element, the 

voluminal strainöV = (V - Vo)/Vo is 811(t) = —pB(t), the complementary relation 

in the bulk relaxation modulus is p(t) = —8VK(t). It might happen that in some 

time interval 0) >'> G(t), i.e. the Poisson's ratio v 1/2 and then equations (3) 

and (7) simplify to 

E(t) = 3G(t) and D(t)= ) 
3 

(8a,b) 

In the Strategic Highway Research Program (SHRP) the bending beam 

rheometer was used to measure the low temperature creep response of asphalt 

binders, [14]. In our study, the same rheometer was used for the testing of all 

three materials. Dimensions of asphalt binder and mastics beams, corresponded 

with the Superpave: L = 125mm, H = 12.5mm, W = 6.25mm. Due to 

irregularities caused by HMA samples preparation, it was necessary to obtain 

exact dimensions by micrometer for the further calculations. Beams were 
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submerged for one hour, in a fluid bath that determined the test temperature and 

provided the counterbalance to the weight of the beam. The load was applied to 

the middle of the beam and the deflection of the center point of the beam was 

monitored. The tensile creep compliance, D(t) was calculated by combining (1) 

and (5). 

RESULTS AND DISCUSSION 

When performing the creep experiments in BBR it was found that for 

loading forces 300 mN - 4500 mN the results practically did not depend on the 

load. It was observed that the applied force was not always strictly constant. Thus, 

the presented results are the averages of at least three measurements, for the given 

temperature. In linear viscoelastic materials the shear compliance, J(t) can be 

described via the discrete retardation spectrum {j,,..z,}, 12 [15]. For the creep 

part (material sheared under a constant stress until t = t) 

n-I / 

J(t)Jg+ X170 +jji_et1t/=1 

and for the recovery part 

+ (e('° )/2 -e- t121) 

(9) 

(10) 

where Jg is the glassy compliance and i7o is the zero-shear rate viscosity. 

It is known, e.g. [16] that for amorphous materials, in the glassy region, the 

compliance function is proportional to the cube root of time. This type of creep is 
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called Andrade creep (originally introduced by Andrade to describe the creep of 

metals) [17]. We have found that Andrade relation can be used also for the tensile 

creep D(t) obtained in BBR for the samples of PMA, asphalt mastic and asphalt 

paving mix. The Andarade relation 

D(t)=A+Ct'+ ,V 
/i 

was successfully fitted to the tensile compliance of all three tested materials, at 

low temperatures. In glassy region, A is the glassy tensile compliance, C is an 

additional characteristic constant (dependent on the temperature) and i is the 

tensile viscosity defined as al; in the steady flow. For the tensile creep studied, 

the creep part of experiment went up to the time of 480s. The recovery was 

observed for another time interval of order 1 e+03s. The fit of Andrade relation 

(ii) to the tensile creep compliance of PMA sample at T = -28 °C is shown in 

Fig.3. 

The Boltzmann superposition principle is verified in Fig.4, where both the 

creep and recovery parts of the experiment are portrayed and fitted to D(t) and 

D(t) - D(t-480), where D is given by (11). When comparing the tensile creep 

compliance and the shear compliance J(t) obtained from the retardation spectrum, 

the relation (8b) is confirmed relatively well on the time interval from is to 500s, 

Fig.5. Using the tensile viscosity(i 0)obtained from Andrade relation one can 

subtract the viscous part t/170 from D(t) and obtain the recoverable part Dr (t) of 

the tensile creep compliance, see Fig.6. 

The same analysis can be applied to the mastic and HMA samples. The fit 

of Andrade relation for asphalt mastic at T = -28 °C is shown in Fig.7, and the 
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comparison of D(t) and Dr(t) is given in Fig.8. HMA at T = -28 °C behaves as 

solid and the applied load up to 2000 mN produced very small deflections and 

only the loads of 3000mN and 4500mN yielded usable data of D(t). By appending 

these data one can fit relatively successfully relation (11) to them, see Fig.9. . In 

this case the tensile viscosity is very high, 4. 53 e+16 Pa.s and no difference 

can be seen between D(t) and D(t), see. Fig. 10. At temperature T = 0 °C, the 

tensile viscosity (obtained from Andrade fit) dropped to 4.67 e+l 1 Pa.s and the 

recoverable part of the tensile creep compliance D(t) was observed, see Fig. 11. 

Recoverable tensile creep compliances, Dr(t), for all the tested materials, at T = - 

28 °C, are compared in Fig. 12 (in paving mix at this temperature, D = Dr). 

By comparing D(t) and J(t)/3, at T = -28 °C, Fig.13, one can see that 

relation (Sb) seems to hold for PMA and mastic samples at certain time interval 

but not entirely for the asphalt concrete mix sample. As far as D(t) is concerned, 

asphalt mastic in Fig. 13 is represented by the master curve (T = -16 °C, -28 °C). 

HMA is represented by the master curve constructed from data at T = 10 °C, 0 

°C, -16 °C, -28 °C. PMA sample is represented by only one temperature, T = -28 

°C, thus only for this sample t is the "actual" time. In the case of mastic and HMA 

t represents the reduced time (tlaT). The shear compliance, J(t) is obtained from 

master curves of G' and U't, i.e. the independent variable in J(t) is again the 

reduced time. 

CONCLUSION 

It seems to be possible to characterize the asphalt binder, asphalt mastic 

and asphalt mix as a linear viscoelastic material (in small deformations) by using 

the commercially available rheometers. It is not probably very surprising that 

these instruments can be used for the characterization of asphalt and even the 

asphalt mastic. However, the HMA characterization is usually done in much more 
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robust testers (e.g. Instron, MTS, Interlaken, NU testers etc.) and using large 

samples. e.g., [18]. 

The relation (8b), between the shear compliance and the tensile creep 

compliance, holds for the binder and mastic. This simple relation is limited to the 

time interval where the Poisson's ratio is 1/2 for HMA. The bulk compliance 

seems to be much more important in asphalt concrete mixes than in binders or 

mastics. 

Experiments conducted with HMA samples, in dynamic oscillations, have 

their own limitation. For temperatures higher than 40 °C the studied samples seem 

to have the same storage and loss moduli (for the used small strains). It was 

suggested [19] that the asphalt mix sample, at T > 30 °C, behaves as a plastic 

body. If that is the case the use of commercially available rheometers, and the 

linear viscoelastic characterization of HMA has to be limited to the temperatures 

less than 30 °C. Our original thought was that at higher temperatures (>30 °C) the 

torsion bar of the paving mix is too soft for the imposed sinusoidal deformations. 

However if the same limiting temperature is observed for bulkier samples the idea 

of plastic behavior of mixes at T> 30 °C should be investigated in more detail. 

If the agreement is reached about the use of BBR and dynamic rheometers 

for the testing of asphalt concrete mixes, it might offer a relatively simple and 

accessible experimental technique. More materials have to be tested and thorough 

statistical analysis, which takes into account the distribution of large aggregates, 

the directions and conditions in which the slivers are cut, has to be performed. On 

the other hand apparent advantages are: small amount of material, easy sample 

preparation and testing, the high precision of modern rheometers and considerable 

time saving. Let us stress that the Andrade model is capable to describe D(t) 

(obtained from BBR) in the binder as well as in the asphalt concrete mix very 

well. 
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In this note, we have investigated some of the possibilities of "small scale" 

sample testing. Certainly, there will be problems that have to be solved and more 

work has to be done before the presented method can be generally accepted. 
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sieve size design gradation limits 

mm % passing Minimum Maximum 

20 100 100 100 

12.5 96.0 93 99 

10 88.0 85 91 

5 64.0 61 67 

2.5 47.0 44 50 

1.25 36.0 33 39 

0.63 27.0 24 30 

0.315 17.0 15 21 

0.16 10.0 7 13 

,0.08 6.5 6 8 

Table 1 Grain size distribution for HMA mix design 
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6 Summary of findings 

This study demonstrates that all tested materials behave in accordance 

with the theory of viscoelasticity. In linear viscoelastic limit, materials can be 

considered as thermologicaly simple and time - temperature superposition 

principle can be applied to asphalt binder, asphalt binder RTFO aged, mastic and 

hot mix asphalt (HMA). Different polymer modified binders and binders with 

different polymer concentrations exhibit different behaviour that can be revealed 

by viscoelastic functions calculated from relaxation and retardation spectra, 

chapter 3. 

Two types of apparatus (BBR, DSR), commercially available for the 

evaluation of binders, were successfully employed to test all given materials. 

Bending beam rheometer (BBR) was used to perform a creep test at low (HMA) 

and subzero temperatures (binder, mastic, HMA). Three point loading setup was 

used and loading was applied to the beams with the duration of 480 s. Creep in 

tension D(t) was determined together with its recovery part Dr(t). It was found 

that the Andrade relation fits to the measured data and the zero shear viscosity can 

be obtained even for HMA at subzero temperatures, chapter 5.3. 

Different types of tests were conducted in dynamic shear rheometer 

(DSR), controlled strain apparatus. Simple shear was applied to all samples at 

different temperatures. Experiments as dynamic oscillations, relaxations and 

viscosity measurements were conducted at various frequencies and shear rates. 

Among the dynamic material function the loss compliance, J"(x) was 

determined. This is the only function, from which the viscous deformation can be 
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subtracted and it is possible, through J' '(a') to identify the transitions of asphalt 

binder from viscoelastic to Newtonian fluid, chapters 3.3 - 3.6. 

Different geometries had to be used in order to ensure large temperature 

range for all materials with different stiffnesses. Binders, including mastic were 

tested in the following geometries: parallel plates, bob and cup, and torsion bar. 

Results obtained by parallel plates and cone and plate were also compared. It was 

found that both types provide the same or very similar data. Torsion bar geometry 

was preferred at low and subzero temperatures while bob and cup can give better 

results than plate - plate at high temperatures. Results obtained in different 

geometries and conclusions for asphalt binders were described in detail in chapter 

3.2. 

The first two chapters showed the importance of basic material functions. 

The initial hypothesis that mastic will perform differently from asphalt binder was 

not confirmed. Material functions and creep tests indicated similar pattern of 

behaviour between these two materials, the changes can be seen in the absolute 

values only (higher stiffness for mastic), while the shapes of the functions stayed 

unchanged. This behaviour was observed at all binders and mastics. More effort 

was than put to the HMA investigation. Some researches believe, that properties 

of HMA can not be derived from small scale testing (changes in volume are not 

considered in some cases and impact of Poison's ratio is neglected). Others are 

convinced that rather than HMA's properties, binder characteristics are measured 

while tested in the form of slivers. We were unable to investigate properties of 

bulk HMA in this research. Tested samples of paving mix were cut into the beams 

for BBR and into the slivers for the DSR. It would be difficult to make the overall 

generalization for all HMA with different binders and aggregates but following 

findings indicate that paving mix can be tested in the "small" scale form. 
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Results from small scale HMA testing: 

• Different geometry setup provide same results (beams, torsion 

bars) 

• Similar results are obtained from DSR and BBR 

• Different type of tests - relaxations and oscillations provide same 

results 

• Qualitatively different behaviour was observed between HMA and 

binder, but not between binder and mastic 

It is suggested that more research should be done in the field of "small" 

HMA testing. Different asphalt binders and different modified binders should be 

tested and material functions should be compared with HMA in bulk and small 

samples, if possible. Research in HMA in the last two decades, went from the use 

of smaller samples (1.5kg) to larger ones (>4.5kg). The idea was to capture 

realistic aggregate distribution in the mix. However, this distribution can be 

substantially influenced by the compacting method, but no agreement was made 

on the universal HMA design and sample compaction. 

It is proposed here that the asphalt - aggregate interaction can be easily 

measured and better described on small scale testing. 

Advantages of HMA's small scale testing: 

• Dynamic oscillations, relaxation experiments performed in one 

commercial apparatus 

• Large temperature/frequency domains 

• Mass of the sample (easy to handle, easy to work) 

• Faster results (easy setup, no temperature delays) 
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• Safety 

• Costs of apparatuses (rheometres for binders can be used for 

HMA) 

This study proved that HMA's can be tested at the same conditions as 

asphalt binders and gives direct comparison between the materials. Moreover, 

rheometeres and techniques used in this research simulate very well loading road 

conditions including the used frequencies, strains and temperatures, chapter 5.1. 

We believe that the testing methodology based on small HMA samples 

has many advantages and could be successfully implemented into the 

specifications. Even if further studies will not fully confirm the relationship 

between testing of HMA's slivers and the large HMA samples it would still 

represent an alternative of evaluating asphalt binder properties in more realistic 

conditions (thin binder film on aggregates) then the current testing of bulk asphalt 

binders. 


