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ABSTRACT

A Study of Sand-Asphalt Mixtures:

A Constitutive Model Based on a Thermomechanical Framework and Experimental

Corroboration. (August 2006)

Parag Ravindran, B.E., Bangalore University;

M.S.,Texas A&M University

Chair of Advisory Committee: Dr. K. R. Rajagopal

Asphalt bound mixtures have been put to diverse uses. The complicated nature of

the material and the demanding conditions under which it is used preclude complete

solutions to questions on load bearing capability under field conditions. In proportion

to the quantity of its usage and in acknowledgment of modeling complexity, the

material has been interrogated by many researchers using a variety of mechanical

tests, and a plethora of linear viscoelastic models have been developed. Most models

are intended to account for specific classes of problems.

This work addresses the conspicuous absence of systematic documentation of

normal forces generated as a result of shear. The normal force generated during simple

shear is a clear indication of the nonlinear nature of the material. The effect of fillers

(hydrated lime and limestone), air voids, aggregate gradation, asphalt source and step

loading on normal force generation during torsion is experimentally investigated.

Based on experimental evidence, a non-linear thermomechanical model for sand-

asphalt mixtures based on the idea of multiple natural configurations is developed.

The model accounts for the fact that the mixture has a natural configuration (stress-

free configuration) which evolves as it is subjected to loads. Assumptions are made

regarding the manner in which the material stores and dissipates energy. A key
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assumption is that among the various constitutive relations possible, the one that is

chosen is the one that maximizes the rate of entropy production. The model that is

developed accounts for the anisotropic nature of the response.

The experimental results show that asphalt bound mixtures generate significant

normal forces even at low rotation rates. The source of asphalt, aggregate gradation,

fillers and air voids have a pronounced effect on normal stress generation. The model

is corroborated against data from torsion experiments.
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CHAPTER I

INTRODUCTION

A. Introduction

Asphalt has had an interesting role in the growth of human civilization. Its most

widespread and visible use today is in road construction. A recent review by Murali

Krishnan and Rajagopal [1] traces the rich and fascinating history, uses and modeling

of asphalt from ancient to modern times. An account of the history of roads can be

found in [2],[3]. From tool making to mummification to storing nuclear waste, asphalt

has served as a versatile engineering material. The Shell bitumen handbook lists about

250 known uses of asphalt [4].

Today asphalt holds together approximately 2.3 million miles of American hard

surfaced roadways. The importance of roads can be gauged from the fact that Amer-

icans traveled 2.7 trillion vehicle miles in the year 2000 [5] and 54 percent of total

freight transport by weight and 83 percent by value in 1998 occurred over highways [5].

The size of the asphalt industry can be gauged from the fact that Europe and USA

produced 800 million tons of hot mix asphalt in the year 2003 [6].

The class of materials under study here are asphalt-bound mixtures. It consists

of aggregates of different sizes (decided on the basis of intended use) held together by

asphalt. The final mixture laid on the field (and specimens made in the laboratory)

include air voids. Aggregates finer than 75 microns that are added to the mixture are

classified as fillers. Asphalt together with intimately mixed fillers/fine aggregates is

called mastic. The effect of fillers on mixture properties is through the mastic. This

is unlike the behavior of the larger aggregates. It is recognized that fillers play a very

The journal model is IEEE Transactions on Automatic Control.
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important role in determining the properties of asphalt paving mixes. The addition

of fillers ‘stiffens’ the mix. It may also influence the long term behavior of the mix

(aging), the response of the mix to the presence of moisture and other properties.

Sand asphalt is distinguished from asphalt concrete in that the size of the aggre-

gates is small.

A major goal of asphalt mechanics is be to able to solve initial-boundary value

problems to predict the the behavior of asphalt-concrete pavements over their lifetime

under the influence of a host of mechanical, thermal and environmental stimuli. The

important first step towards this is to perform experiments that capture the essential

nature of the mixture. One of the aims of this dissertation is to generate data for a

phenomenological model that globally captures the influence of its constituents. Al-

though continuum models do not explicitly incorporate microstructural information,

a good understanding of the constituents of sand asphalt is extremely important to

performing reasonable experiments and developing constitutive models.

B. Focus of Research

Although it is known that asphalt bound mixtures exhibit non-linear response, linear

viscoelastic models are widely used to describe its mechanical response (see the review

article by Murali Krishnan and Rajagopal [1] for an extensive list of references).

The goal of this dissertation is two pronged. One to provide conclusive experi-

mental evidence that asphalt bound mixtures are non-linear in nature. The second, to

develop an appropriate large deformation model to explain the experimental results.

The above goals were targeted by studying the response of sand asphalt speci-

mens under torsion. The development of normal forces during torsion is evidence of

the non-linear response of the material. A systematic experimental documentation
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of some of the different factors that influence normal force development was carried

out. The following factors were examined:

1. The effect of fillers: That fillers have significant influence on asphalt mix be-

havior is well documented. One filler of special interest is hydrated lime. Many

researchers have documented the beneficial effects of hydrated lime (see for ex-

ample [7]). Some investigations have also generated evidence to the contrary

(see for example. [8]). In this study hydrated lime is compared to limestone and

asphalt without fillers.

2. Source of asphalt: Asphalt is graded using the SUPERPAVE PG1 system. It

provides a method for selecting asphalt binders. It aims to prevent fatigue crack-

ing, low temperature cracking and permanent deformation. The PG system

assumes that asphalt behaves as a linear viscoelastic material. The properties

of asphalt are specified using viscosity measurements, tensile tests and bending

tests. Although the PG system is a vast improvement on previous grading meth-

ods, there is plenty of room for further improvement. In tests carried out here,

the response of specimens differing only in the asphalt used (graded the same

but from diverse crude sources) is examined. Asphalts from different sources

even when graded the same have different amounts of constituents and this in

turn dictates their ability to react chemically.

3. Effect of Air Voids: The behavior of asphalt concrete depends on its internal

structure characterized by air voids. The air voids have to be within a certain

range to provide good pavements. The percentage of air voids, changes over the

lifetime of the pavement. The air voids are a critical factor both in the short

1SUPERPAVE stands for Superior Performing Asphalt Pavements, PG stands for
Performance Grade.
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term and long term response of asphalt pavements. It determines how porous

the mixture is and how the environment interacts with the asphalt.

4. Step loading: Step loading subjects the specimen to one or two cycles of loading

followed by rest period. This may enable a clear delineation of the effects of the

source of asphalt (microscopic cracks form and coalesce in the asphalt during

loading, how these cracks heal during rest periods depends on the nature of

the asphalt). This type of loading is motivated also by practical considerations

(asphalt pavements are subjected to repeated loads).

5. Aggregate gradation. Aggregates constitute the largest component of asphalt

bound mixtures. The influence of aggregates on mix behavior has been studied

by many authors (see for example [9]). The gradation of aggregates is partic-

ularly important to the mix response. In this study the effect of two different

sand gradations on normal stresses is documented.

Using the experimental results a large deformation model for sand asphalt mix-

tures is developed using the framework put in place by Rajagopal [10] and co-workers

to study the response of dissipative bodies.

C. Outline of Dissertation

In chapter II, the notation is introduced. The basic kinematics and balance laws are

briefly discussed. The role of natural configurations and dissipation is explicated.

Chapter III presents a survey of the literature in the field. A case is built for

carrying out a detailed experimental study of normal stress differences generated in

asphalt bound mixtures. The case for an appropriate continuum model to interpret

the results is also advanced.
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Chapter IV carries a documentation of the experiments that were performed and

details of the rheometer that was used.

In Chapter V, a thermo-mechanical framework for developing models for asphalt

bound mixtures is presented. The methodology of maximization of the rate of dissi-

pation to obtain models is explained in detail. A specific model for the mixture under

study here is developed. The model accounts for the anisotropic response of the ma-

terial. A comparison of theoretical predictions to previously obtained experimental

results is provided.
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CHAPTER II

CONTINUUM PRELIMINARIES

A. Notation

The notation used in this dissertation is the standard notation used in continuum

mechanics. All vectors are boldfaced lower case Roman alphabets. All second order

tensors are bold faced upper case Roman alphabets.

B. Kinematics

Consider the body B, where κR(B) and κc(t)(B) denote the reference and current

configurations. The motion assigns a one-to-one mapping between points X ∈ κR

and points x ∈ κc(t), at each t, i.e.,

x = χκR
(X, t). (2.1)

The motion is assumed to have sufficient smoothness to enable all operations defined

subsequently. The deformation gradient, FκR
, and the left and right Cauchy-Green

stretch tensors BκR
and CκR

are defined through,

FκR
:=

∂χκR

∂X
, (2.2)

BκR
:= FκR

FT
κR
, (2.3)

CκR
:= FT

κR
FκR

. (2.4)

If det(FκR
) 6= 0, then FκR

can be decomposed uniquely using the polar decom-
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position theorem as,

FκR
= RκR

UκR
(2.5)

= VκR
RκR

, (2.6)

where RκR
is a proper orthogonal tensor and UκR

, VκR
are positive definite symmetric

tensors.

The velocity v of a material point is defined as,

v :=
∂χκR

∂t
. (2.7)

The velocity gradient, L, is related to the deformation gradient FκR
through,

L := gradv = ḞκR
F−1

κR
. (2.8)

The symmetric part of the velocity gradient is denoted by D and the skew part

by W.

D =
L + LT

2
, (2.9)

W =
L− LT

2
. (2.10)

C. Balance Laws

The balance laws in continuum mechanics are the balance of mass, balance of mo-

mentum, balance of angular momentum and balance of energy. All processes within

the purview of continuum mechanics have to satisfy the above laws.

The balance of mass in Eulerian form can be written as,

ρ̇+ ρdivv = 0, (2.11)

where ρ is the density and v is the velocity. For an incompressible material this
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reduces to

divv = 0. (2.12)

The balance of linear momentum is

ρ

(

∂v

∂t
+ (gradv)v

)

= divT + ρg, (2.13)

where T is the Cauchy stress and g is the acceleration due to gravity.

The balance of angular momentum in the absence of body couples requires that

the stress tensor be symmetric.

The conservation of energy is written in the form,

ρǫ̇+ divq = T · L + ρr, (2.14)

where ǫ is the specific internal energy, q is the heat flux vector, L is the velocity

gradient and r is the radiant heating.

D. The Second Law of Thermodynamics

The second law of thermodynamics is commonly used in the form of the Clausius

Duhem inequality. Here however it is introduced as a balance law for entropy. This

is similar to the approach taken by Green and Naghdi [11] and Rajagopal and Srini-

vasa [12].

ρη̇ + div
(q

θ

)

= ρ
r

θ
+ ρζ, (2.15)

where η is the entropy, θ is the absolute temperature and ζ is the rate of entropy

production per unit mass of the material. Combining the balance of energy and

balance of entropy, the reduced energy-dissipation equation is obtain,

T · L − ρǫ̇+ ρθη̇ −
q · gradθ

θ
= ρθζ = ξ ≥ 0, (2.16)
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where ξ (rate of dissipation) is the rate of entropy production times the temperature

per unit volume of the material. Both ζ and ξ are constrained to be non-negative

during any process. The radiant heating term has been eliminated from the reduced

dissipation equation and the equation places no direct restrictions are placed on the

constitutive assumption for the radiant heating term. This issue has been discussed

in detail by Rajagopal and Tao [13].

Sometimes the term, rate of dissipation, is used exclusively to denote rate of

entropy production associated with mechanical working. But entropy production

can take place due to a variety of reasons such as phase change, chemical reaction,

heat conduction etc. In this work ξ, is used to encompass all entropy generation

mechanisms. The terms rate of dissipation, and rate of entropy production are used

interchangeably with the implicit understanding that the two are related through Eq.

( 2.16). Eq.( 2.16) can be rewritten as

T · L− ρψ̇ − ρηθ̇ −
q · gradθ

θ
= ρθζ = ξ ≥ 0, (2.17)

where ψ is the Helmholtz potential per unit mass of the material and is given by

ψ = ǫ− ηθ.

E. Natural Configurations

The “natural configurations” may be thought of as a configuration from which kine-

matical measurements maybe made which help determine the stress in the body. It

is customary to choose a stress free configuration as the natural configuration.

In continuum mechanics it is usual to express the stress explicitly in terms of the

history of the density and various kinematical quantities. Implicit relation between

the history of the stress, its derivative, the density and kinematical quantities have
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also been proposed. Many constitutive relations, among them some of the most

historically successful, fall within the ambit of simple materials as defined by Noll [14].

In simple materials the stress at a point depends only on the history of quantities

measured with respect to a single reference configuration. This assumption is too

restrictive for many real materials of practical importance. Indeed it has been long

recognized (see Eckart [15]) that bodies that display inelastic behavior possess more

than one configurations in which they are stress free. The implications with regard

to symmetry are particularly striking. For a simple material if the symmetry is

known in any configuration, then its symmetry in any other configuration is known

through Noll’s rule. But for many materials with multiple stress free configurations,

the corresponding symmetry groups may not be related by Noll’s rule.

The work of Eckart has been clarified and greatly expanded on by Rajagopal and

co-workers, in terms of how the natural configurations come into play in determining

stresses, appropriate measures of strain from these configurations and evolution of

these configurations.

Asphalt bound mixtures, when modeled as a homogenized continua demand as

much latitude as possible. The microstructure of asphalt mixtures change as it is sub-

jected to deformation. These changes maybe due to reduction in air voids, changes

in the properties of asphalt in response to environmental stimuli, rearrangement of

aggregate particles etc. Clearly the associated natural configuration may change.

Distinct symmetry groups unrelated by Noll’s rule may exist for each of these con-

figurations. Overly restrictive constitutive assumptions impede or worse preclude

solutions. The framework put in place by Rajagopal and co-workers provides an ideal

setting to deal with asphalt mixtures.
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F. The Role of Dissipation

All processes maybe classified as reversible or irreversible. Reversible processes, are

characterized by a zero rate of entropy production and irreversible processes are char-

acterized by a positive rate of entropy production. Entropy may be produced by a

variety of mechanisms. For e.g. viscous effects, heat conduction, structural rear-

rangement, phase change etc. In this work we assumed that ξ can be split into two

parts, the first rate of entropy production due to heat conduction and the second,

rate of entropy production due to other mechanisms. Furthermore each of these two

mechanisms are assumed to be non-negative i.e.,

ξ = ξd + ξc, ξd > 0, ξc > 0. (2.18)

Here ξc/θ is the rate of entropy production per unit volume due to conduction and ξd/θ

the rate of entropy production per unit volume due to other mechanisms. In the work

here the ξd/θ is associated with the rate of entropy production per unit volume due to

mechanical working. The term (q · gradθ/θ2) is identified as the term accounting for

the rate of entropy production due to conduction. Therefore the following equations

are obtained,

ξc = −
q · gradθ

θ
, (2.19)

T · D − ρψ̇ − ρηθ̇ = ξd ≥ 0. (2.20)

The reduced energy-dissipation equation (2.20) is used to place restrictions on

the constitutive equations.
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CHAPTER III

ASPHALT MIX OVERVIEW

A five year, $150 million research project labeled the Strategic Highway Research

Program (SHRP) was established by Congress in 1987. The SHRP came up with

a specification called SUPERPAVE (Superior Performing Asphalt Pavements). It

lays down the specification for the design and analysis of asphalt pavements. SU-

PERPAVE characterizes asphalt mixes and provides designs to resist rutting, low

temperature cracking and fatigue cracking. Standard tests have been established to

characterize the response of asphalt mixtures to the above mentioned distress mech-

anisms. Tests within the purview of the original SUPERPAVE specifications [16]

and further tests recommended in NCHRP-4651 [17], data reduce by assuming that

asphalt/asphalt-concrete is a linear viscoelastic material.

Modeling of the mix behavior has attracted considerable attention due to wide

applications. Early models for asphalt bound mixtures include those developed by

Lee and Marwick [18], Nijboer [19], Saal [20], Secor and Monismith [21], Pagan [22],

Moavenzadeh and Soussou [23], Perl et al. [24] among others.

More recently models have been developed by Kim and Little [25], Lee et al. [26],

Gibson et al. [27] and Masad et al. [28]. Ideas from mixture theory which explicitly

account for multiple constituents (asphalt, matrix and air voids) in asphalt bound

mixtures have also been used (see for example [29]).

The correspondence principle due to Schapery [30] that allows migration of so-

lutions from non-linear elasticity to viscoelasticity has found favor among workers

in asphalt modeling. But it has been shown that this principle is in general incor-

1NCHRP stands for National Cooperative Highway Research Program.
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rect (Rajagopal and Srinivasa [31]) when large deformations are involved as models

obtained by using it fail to satisfy the balance of angular momentum.

A brief description of constituents that go into the asphalt bound mixtures is

provided in the following paragraphs.

A. Asphalt

Asphalt and bitumen are often used interchangeably in literature. This issue has been

discussed by Murali Krishnan and Rajagopal [1]. The term asphalt will be used in

this work. Asphalt is a complex chemical mixture. A lot of work has been carried out

to understand the link between the chemistry of asphalt and its rheological properties.

A detailed chemical analysis reveals the presence of thousands of compounds.

Techniques to separate asphalt into fractions that exhibit distinct properties

include solvent precipitation and chromatographic methods.

The Corbett procedure is a common method used to separate asphalt into distinct

fractions. Each fraction is a mixture of hundreds of individual compounds. The

fractions separated have distinct properties. The fractions from the Corbett method

are asphaltenes, saturates, napthelene aromatics and polar aromatics.

Size exclusion chromatography (SEC) is used to fractionate asphalt into compo-

nents of different molecular weights. Ion exchange chromatography (IEC) separates

asphalt by chemical composition.

Yields of the fractions are often a function of the procedure used. For e.g. the

yield of asphaltenes is a function of the precipitating solvent [32]. The relation of the

chemistry to rheology of asphalt is more qualitative than quantitative.

Polar molecules present in asphalt strongly influence its properties. The polar

molecules interact with each other and tend to form cluster of molecules. Organized
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structures formed as a result of charge separation on molecules, alters the physical

properties of asphalt. More energy is required to break these polar associations. This

makes the asphalt more viscous.

Oxidatitive aging is a serious problem associated with asphalt. Asphalt exposed

to atmospheric conditions oxidizes and its chemical composition changes. Oxidation

results in an increase in the viscosity of asphalt and could lead to pavement embrit-

tlement. In the laboratory two techniques are used to simulate oxidation, one the

RTFOT ( Rolling Thin Film Oven Test) and the other the PAV ( Pressure Aging

Vessel). The RTFO is used to simulate plant mixing and the PAV is used to simulate

oxidation over years in the field.

In addition to oxidative hardening, asphalt also shows steric hardening. Steric

hardening is a reversible (reversible in the sense that the hardening observed disap-

pears on heating) process wherein the polar molecules try to attain the most favorable

configuration.

Nellensteyn [33] describes asphalt as a colloid. Models to explain the distribution

of the various components in the mixture have also been proposed by Pfieffer and

Saal [34] and Petersen [35].

As early as 1903 Trouton [36] concluded that pitch is a non-Newtonian fluid.

B. Aggregates

The factors that usually affect aggregate behavior are gradation, shape, angularity

and surface texture of the aggregates.

Quantification of these aggregate properties can either be done using physical

measurements on aggregates, visual classification methods (i.e direct methods) or

index tests (indirect methods) which use empirical relations between properties such
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as porosity and aggregate shape, size and surface texture. A review of the various

methods of characterizing these properties is presented in [37].

Size of the particle can be expressed in terms of an ‘equivalent diameter’. Most

popular methods of characterizing size are using sieving and microscopic measure-

ments. Sieving also gives the size distribution of the aggregates.

Description of aggregate shape is based on measurements of aggregate dimension.

The descriptions used include flatness ratio, elongation ratio, shape factor and spheric-

ity of the aggregate particle (see for example [38]). Roundness indicates whether the

edges are sharp or rounded [39]. Details on how roundness can be quantified can be

found in Krumbein [40]. Wadell [39] describes the shape of a particle in terms of

sphericity and roundness.

Other measures include surface texture and angularity. Image analysis is also a

technique to identify and determine the characteristics of the aggregate [41].

Indirect methods of inferring the aggregate characteristics usually do not distin-

guish between shape, size and texture and lump them together as an index (example

particle index, rugosity etc).

C. Fillers

Fillers are an important component in asphalt mixes. They are added to enhance

the properties of the mixture. One filler that has attracted particular attention is

hydrated lime. The term filler is usually used to describe a fraction of the mineral

material aggregate that passes sieve no. 200 (75 microns). Tunnicliff [42] has a

detailed discussion on what may be classified as a filler. The influence of fillers on the

response of asphalt mixes is well studied. As early as the first decade of the 1900s

Richardson [43] notes ‘That it is of the greatest value, especially in surface exposed
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to heavy traffic is now known. The difference in penetration, ductility and resistance

to stress of the same bitumen with and without filler can be readily shown’.

Among the early studies on the effects of fillers are those due to Traxler and

Miller [44],[45], Traxler [46], Mitchell and Lee [47], and Rigden [48]. Tunnicliff [49]

has written a review on the effects of fillers. The problem has also been looked into

by Warden et al. [50], Anderson and Goetz [51] among others.

Rigden [52] addresses the problem of finding a relation between the flow prop-

erties of two-phase systems and the amount and characteristics of the solid phase

present. He relates the void structure in dry powder (Rigden voids, which are mea-

sured using permeability through the powder) to flow behavior at high solids concen-

tration.

Tunnicliff [42] concludes that the viscosity of filler-asphalt systems depend on

the filler (both concentration and characteristics). As filler concentration increases

binder viscosity increases.

Anderson and Goetz [51] conclude that asphalt (filled and unfilled) is a linear

viscoelastic material at sufficiently low strains. They show that complex compliance is

independent of load level, at given frequency and temperature, and that superposition

is satisfied. Thus they study the efficacy of fillers in a linear viscoelastic setting.

Craus et al. [53] have carried out a thorough investigation of the physico-chemical

interactions in paving mixes. They studied aspects such as geometric characteristics of

fillers, adsorption intensity and selective sorption. They evaluated different mastics.

Sand-asphalt specimens were compared on the basis of Marshall stability, resilient

modulus etc.

Petersen et al. [54] studied the change in properties due to addition of hydrated

lime to asphalt in terms of the complex dynamic shear viscosity, storage modulus

and loss modulus. They also carried out tensile elongation tests at low temperatures.
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They conclude that hydrated lime treatment increases the resistance to deformation

of the mixture, and that it maybe desirable in reducing permanent deformation. They

also conclude that the effect of hydrated lime depends on the type of asphalt, hydrated

lime reduces age-hardening, improves fatigue life and low-temperature properties.

Plancher et al. [55] conclude that hydrated lime treatment reduces age-hardening

in asphalt. They studied the mechanical properties by making viscosity measurements

at a fixed rate and temperature and by using the resilient modulus.

Shashidhar and coworkers [56],[57] consider the factors affecting the behavior of

fillers. They study the problem in terms of the maximum packing fraction Φm and

the generalized Einstein coefficient, KE. They explain the stiffening based on Neilsen

modified Kerner’s equation.

Lesueur and Little [7] concluded that hydrated lime is an active filler (active in

the sense of reacting with the asphalt chemically), improving properties both at high

and low temperatures. They also found that hydrated lime reduced age hardening.

Other studies on fillers include those due to Kavussi and Hicks [58], Cooley et

al. [59] etc.
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CHAPTER IV

EXPERIMENTAL INVESTIGATIONS

A. Introduction

Most of the experimental measurements for asphalt mixtures are made in the load-

deformation ranges in which the material behavior is linear. However, in the field,

asphalt mixtures are subjected to substantial axle loads that lead to the material

exhibiting non-linear characteristics.

The development of normal force as a result of simple shear is a characteristic

feature of non-linear response. This is well recognized in non-linear elasticity (as

Poynting effect [60]), non-Newtonian fluid mechanics (as Weissenberg effect [61]) and

the response of granular materials (as dilatancy [62]). Asphalt mixes being composed

of granular materials infused with a non-linear viscoelastic fluid maybe expected to

generate significant normal forces. Plausible physical mechanism for normal stress

generation in asphalt bound mixtures include relative motion between the aggregates

coated with asphalt, particularly such events as particles gliding past each other and

climbing over one another, due to the relative motion of the asphalt mastic and in-

teractions between the fillers and the asphalt. The need for measuring the normal

stresses for asphalt is articulated best by Anderson et al. [63], “Edge fracture is asso-

ciated with differences in the first and second normal forces, but unfortunately, such

measurements were beyond the capabilities of the available equipments for this study.

. . Further study of this anomaly is warranted but will require very sophisticated

testing with the measurement of normal forces”. The experimental study carried out

here provides evidence for the development of such normal stresses. Systematic ex-

perimental results that may enable the characterization of the non-linear behavior of
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asphalt bound mixtures is documented.

A survey of the asphalt literature reveals that a large number of tests are used to

study the behavior of asphalt mixes. Among the tests are uniaxial tests, triaxial tests,

shear tests, indirect tensile tests, etc [17]. shear tests are important because they can

provide an easy and clear distinction between linear and non-linear behavior.

Shear tests on asphalt mixtures have often been used to characterize permanent

deformation in asphalt pavements. Some of the recommended tests for assessing the

properties of asphalt are simple shear test and repeated shear tests (see SHRP stan-

dard method of test M-003 [16]). The measurement of normal forces in simple shear

is one of the recommended tests within the SUPERPAVE specifications [64]. Sousa et

al. [65] have reported measurement of the axial force needed to maintain the specimen

height in asphalt bound specimens subjected to simple shear. But there exists little

systematic documentation of the normal forces crucial to characterizing the mechani-

cal properties of asphalt mixtures. It is also noted that within the framework setup by

SUPERPAVE the information from normal force measurements is not incorporated

in an appropriate large deformation non-linear model. The fact that asphalt mas-

tic subjected to shear (in confined or unconfined mode) generates significant normal

forces is not considered in much of the literature on asphalt mixtures. In the case of

non-linear materials normal stresses that develop during shear are more important in

characterizing the material than even the shear forces (see Truesdell and Noll [66]).

Justification is now provided for using torsional tests as opposed to simple shear

tests for the study carried out here. The main reason is that simple shear tests on

rectangular blocks are difficult to set up and there are additional complications due

to end effects, etc. On the other hand torsion corresponds to locally shearing motion

and is easier to investigate experimentally. The measurements obtained from the

torsion test are relevant from a practical standpoint albeit in an indirect way (loading
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due to traffic does not cause torsion of pavements), since in real life applications

asphalt pavements are subjected both to compression and shear stresses due to loading

caused by traffic. A pneumatic tire under vertical load produces shear stresses in the

pavement (see for example [67]).

The first torsional tests on asphalt bound specimens which measured the normal

forces generated were performed by Kasula et al. [68]. Kasula et al. [68] recognize its

crucial importance to asphalt mixture behavior. Their results clearly show that signif-

icant normal forces are developed even at low shear rates and even in the unconfined

mode.

Various kinds of rheometers (for example capillary viscometers, rotational vis-

cometers, sliding plate viscometers, falling body viscometers etc) have been used used

to study, different materials (see [69],[70],[71] for details). Among rotational viscome-

ters, coaxial cylinder type, coni-cylindrical viscometers, and cone and plate viscome-

ters are popular. From a theoretical standpoint, the flow between parallel plates is

a well studied problem. For a detailed review refer to Rajagopal [72]. Rheometers,

in particular torsional rheometers have been used to study the nonlinear response of

polymers (see for example [73],[74]).

In the course of the study here the following cases were investigated:

1. Comparison of the effect of limestone and hydrated lime fillers on an asphalt

graded as PG64-22. Different combinations of loading rates and duration were

studied.

2. Comparison of specimens which differ with respect to the asphalt used. Three

asphalts graded as AC-30 were used.

3. Comparison of sand-asphalt specimens which differ with respect to the filler

used. Two fillers hydrated lime and limestone were compared. Four asphalts
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all graded as AC-30 were used.

4. The effect of step loading. Specimens composed of similar constituents except

for the asphalt used were compared under conditions of multiple step-loading.

Three asphalts all graded as PG 64-22 were used.

5. The influence of the gradation of sand on similarly specimens except for the

sand used was studied. ASTM graded sand and ASTM 20-30 sand were used.

B. The Torsional Rheometer: Description

The torsional rheometer(see Figure 1) used to conduct the experiments essentially

consists of two disks, sharing a common axis. One of the disks rotates at a constant

rate and the other is held fixed. The motion engendered in the specimen between the

two disks is a locally shearing motion. A load cell attached to the top disk measures

the normal force. The lower shaft is driven by a DC motor through a speed reducer

that provides rotation rates as low as one revolution in 60 minutes. The torque was

measured using a torque sensor. The data acquisition was done using a 6023E card

(from National Instruments). The front end signal conditioning was carried out using

a SCXI system (consisting of a SCXI-1000 chassis, installed with 2 modules: SCXI-

1141 and SCXI-1120). The specimen was held between the two holders using glue

(DP 460 from 3M). Initial tests were performed to ensure that the glue did not fail

due to the applied torque. The test was performed as follows: the top disk was held

stationary and the bottom disk was rotated at a very slow fixed rate (say 60 min/rev)

for a fixed duration (say 90 sec). Beyond this point the two disks were held stationary

thus holding the strain fixed. The normal force generated and the torque required,

during torsion and stress relaxation, were measured. The stress relaxation data was

collected for 45 minutes. The rates and durations of rotation were chosen such that
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the specimen did not sustain any visible damage.

C. Materials

Two fillers were studied, hydrated lime (supplied by Austin Lime Co.) and crushed

limestone. The fillers were sieved to obtain the component passing sieve number 200

(75 microns). Asphalt graded PG 64-22 (called Asphalt Number 8) and four asphalts

graded AC 30 (called Asphalt Number 1, Asphalt Number 2, Asphalt Number 3,

Asphalt Number 4) were used. For step loading experiments another three asphalts

graded as PG64-22 (identified as Asphalt Number 5, Asphalt Number 6, Asphalt

Number 7) were used. Other materials used were Ottawa sand (furnished by U.S

Silica company, conforming to ASTM designation C778) and ground silica (Sil-Co-Sil

ground silica supplied by U.S. Silica Company). Two types of Ottawa sand were used,

namely ASTM 20-30 sand and ASTM graded sand. The gradations of the Ottawa

sands used are given in Tables I and II. The ground silica used was sieved to meet the

following criteria: 100% passing sieve number 100 (150 microns) and 100% retained

on sieve number 200 (75 microns).

D. Preparation of Specimens

The asphalt was heated and mixed with the filler. This mastic was then added to

the Ottawa sand and ground silica heated separately to the mixing temperature. The

ratio of the mastic (asphalt plus filler) to the total mixture was maintained at 8%

by weight, the ratio of the Ottawa sand to the total mixture was fixed at 80% by

weight and the ratio of ground silica to the total mixture was fixed at 12% by weight,

for all the specimens. Two filler to asphalt ratios were used: 10% by weight and

23% ( 10% by volume) by weight. These details are summarized in Table III. The
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Fig. 1. Torsional rheometer. Reprinted from Mechanics Research Communications,

vol 32, Kasula et al., Normal stress and stress relaxation data for sand as-

phalt undergoing torsional flow, pg. 45, Copyright 2005, with permission from

Elsevier [68].
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Table I. Gradation of ASTM graded Ottawa sand (Supplied by U.S. Silica Co.).

Mesh % Passing Cumulative

16 100.0

30 98.0

40 70.0

50 25.0

100 2.0

Pan 0.0

Table II. Gradation of Ottawa sand (ASTM 20/30 Sand) (Supplied by U.S. Silica Co.).

Mesh % Passing Cumulative

16 100.0

20 99.0

30 2.0

Pan 0.0
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compaction was done using a gyratory compactor to obtain 6 inch by 3 inch specimens

with the desired air-voids (7.5% and 9.5%). The Rice specific gravity and the bulk

density were measured following the standard procedure [75]. Specimens 0.75 inches

in diameter by 1.5 inches in height that were used for testing were cored out from the

larger specimen. After being glued to the experimental setup the unconfined length

of the specimen was 1 inch.

E. Testing

Five series of tests were run. In the first set the same asphalt was used and the effect

of limestone and hydrated lime fillers was studied. ASTM 20-30 sand was used for

the first set of experiments.

In the second set of experiments the behavior of different asphalts graded as

AC 30 was studied. ASTM graded Ottawa sand was used for the second set of

experiments.

In the third set the same asphalt was used and the effect of limestone and hy-

drated lime fillers was studied. This was done for four different asphalts all graded

as AC 30.

In the fourth set of experiments three asphalts all graded as PG64-22 were com-

pared under multiple step-loading cycles. Two different cycles were studied namely

90-270-90 (90 seconds of loading, followed by 270 seconds of rest, followed by 90 sec-

ond of loading, followed by 30 minutes of rest) and 60-450-60-450-60 ( 60 seconds of

loading, followed by 450 seconds of rest, followed by 60 second of loading, followed by

450 seconds of rest, followed by 60 seconds of loading, followed by about 20 minutes

of rest).

The final set of experiments were run with sands of different gradation, ASTM
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20-30 sand and ASTM graded Ottawa sand.

The testing conditions are summarized in Tables IV, V, VI, VII and VIII.

F. Measurement Error

All measurements are subjected to uncertainties. Error Analysis is a technique to

enable the estimation of the uncertainties. (see for example [76],[77],[78]). Data

acquisition has to be carefully done to minimize these errors [79].

The sources of error in measurement are many. They could be due to equipment

calibration errors, least count of the equipment, mistakes by the experimenter etc.

The least count of an instrument is the smallest value that it can resolve. Measure-

ments are correct only upto the least count.

Accuracy refers to how closely a measured value agrees with the true value.

Precision refers to how closely the values agree with each other.

Measurements could suffer from both random errors and due to systematic errors.

Random errors can be treated statistically. Errors may follow a Gaussian distribution

and thus become amenable to a host of techniques.

The propagation of errors is an important issue and it may be treated in a simple

manner using a Kline and McClintock analysis. (see [80]).

For the experimental measurements performed in this study the least count of

the normal load sensor was ±0.02% of the full scale reading(0.02% of 100 lb). and the

least count of the torque sensor was ±0.02% of 100 lb-in. The torque sensor was sent

to the manufacturer and calibrated. The calibration sheet is provided in appendix A.

The normal load sensor was calibrated at Texas A&M University and the calibration

curve which was obtained is shown in Figure 4. Two samples were tested for each test

condition. The values reported (graphically as well as in the tables) are the averages
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Table III. The composition of the asphalt bound mixtures tested.

Component Percentage

Ottawa sand 80% by mass

Ground Silica (Passing No. 100 12 %

and retained on No. 200)

Filler + Asphalt 8% by mass

Filler/Asphalt Ratio 10% by mass and

23% by mass ( 10% by Volume)

of the two samples. On an average the error in the normal force measurement was

11.5% and the error in torque measurement was 8.8%. Figures 2 and 3 show the

torque and normal force for a particular case with the error bars plotted.

G. Experimental Results

The results obtained are summarized in Figures 5 through 34. The normal force in

all cases is compressive, i.e., the normal force acting on the specimen compresses it to

maintain its height. Figures 5 and 6 show the influence of air voids, all other variables

being comparable, in mixtures containing limestone filler. It is clearly seen that

specimens with lower air voids generate larger normal force and require higher torque.

Less porous materials show high resistance to local shear resulting in development

of high normal force. The fact that asphalt mixtures that have less air voids show

significant normal stress is not surprising since the tendency for the particles to climb

past each other is greater in more dense material and consequently the resistance

to deformation is significant. The peak value of the force for the two cases, 7.5%

and 9.5% air voids, are different by as much as 32% and the maximum torque by
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Table IV. Summary of testing conditions for the first set of experiments. The asphalt

used was Asp No 8 (PG64-22). The sand used was ASTM 20-30 sand.

Filler Loading rate Loading Duration

Hydrated Lime 7.5% air voids 30 min/rev 45, 90 sec

Hydrated Lime 7.5% air voids 60 min/rev 60, 120 sec

Limestone 7.5 % air voids 30min/rev 45, 90 sec

Limestone 7.5 % air voids 60min/rev 60, 120 sec

Limestone 9.5 % air voids 30min/rev 45, 90 sec

Limestone 9.5 % air voids 60min/rev 60, 120 sec

No filler, 7.5% air voids 30min/rev 45, 90 sec

No filler, 7.5% air voids 60 min/rev 60, 120 sec

Table V. Summary of testing conditions for the second set of experiments.No filler was

used and air voids were maintained at 9.5%.

Asphalt Loading Rate, Duration

AC-30 Asp No 1 60min/rev, 120 sec

AC-30 Asp No 2 60min/rev, 120 sec

Ac-30 Asp No 3 60min/rev, 120 sec
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Table VI. Summary of testing conditions for the third set of experiments. All tests

were done at 60 minutes/revolution. Loading duration was 120 seconds. The

Asphalt+Filler content was 8% of the mix. The ratio of Filler to Asphalt

was 23% by mass. ASTM graded Ottawa sand was used.

Asphalt Filler

AC-30 Asp No 1 Hydrated Lime, 9.5% Air voids

AC-30 Asp No 1 Limestone, 9.5% Air voids

AC-30 Asp No 2 Hydrated Lime, 9.5% Air voids

AC-30 Asp No 2 Limestone, 9.5% Air voids

AC-30 Asp No 3 Hydrated Lime, 9.5% Air voids

AC-30 Asp No 3 Limestone, 9.5% Air voids

AC-30 Asp No 4 Hydrated Lime, 9.5% Air voids

AC-30 Asp No 4 Limestone, 9.5% Air voids

Table VII. Summary of testing conditions for the fourth set of experiments. All tests

were done at 90 minutes/revolution.No filler was used. ASTM graded Ot-

tawa sand was used in all cases.

Asphalt Loading Duration in sec

Asp No 5 90(load)-270(rest)-90(load)

Asp No 5 60(load)-450(rest)-60(load)-450(rest)-60(load)

Asp No 6 90(load)-270(rest)-90(load)

Asp No 6 60(load)-450(rest)-60(load)-450(rest)-60(load)

Asp No 7 90(load)-270(rest)-90(load)

Asp No 7 60(load)-450(rest)-60(load)-450(rest)-60(load)
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Table VIII. Summary of testing conditions for the fifth set of experiments. No filler

was used. The asphalt used was Asp No 8 (PG64-22).

Sand Used Loading rate Loading Duration

ASTM graded Ottawa sand 30 min/rev 60 sec

ASTM 20-30 sand 30 min/rev 60 sec

ASTM graded Ottawa sand 60min/rev 90 sec

ASTM 20-30 sand 60min/rev 90 sec

ASTM graded Ottawa sand 60min/rev 120 sec

ASTM 20-30 sand 60 min/rev 120 sec
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Fig. 2. Error (shown by error bars) in normal force measurement. The sand-asphalt

specimens are fabricated using PG64-22 asphalt with limestone filler, at 7.5

% air voids. The loading rate is 60 min/rev. The duration of loading is 120

seconds (Filler/Asphalt ratio 10% by mass).
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Fig. 3. Error (shown by error bars) in torque measurement. The sand-asphalt speci-

mens are fabricated using PG64-22 asphalt with limestone filler, at 7.5 % air

voids. The loading rate is 60 min/rev. The duration of loading is 120 seconds

(Filler/Asphalt ratio 10% by mass).
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Fig. 4. Calibration curve for the normal force sensor.
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26%. Figures 7 through 10 depict the behavior of the specimens with limestone filler

(with 7.5% air voids) loaded at different rates and for different durations. It is clearly

seen that the initial portions of the graphs for specimens at the same loading rates

coincide well. This is also observed during the experiments performed using hydrated

lime as filler and for specimens fabricated with PG64-22 asphalt with no filler. Figures

11 through 18 contrast the response of sand-asphalt specimens containing PG64-22

asphalt without filler to that of specimens containing PG64-22 asphalt with fillers

hydrated lime and limestone. The presence of the filler leads to a larger normal force

and requires a higher torque. This trend was observed for all loading rate-loading

duration combinations at which tests were carried out. Figures 19 and 20 compare the

behavior of asphalts from different sources graded as AC-30 with no fillers. Clearly

the response (peak stress and relaxation behavior) of asphalts from different sources

is different although they are all graded as AC-30. The asymptotic value for asphalts

from different sources can differ by as much as 50%.

Figures 21 through 24 show the response of comparable specimens differing by

asphalts used, which are from different sources but graded the same. In the first figure

the loading sequence is 60 seconds (loading)-450 seconds (rest)-60 seconds (loading)-

450 seconds (rest)-60 seconds (loading). In the second figure the loading sequence

is 90 seconds (loading)-270 seconds (rest)-90 seconds (loading). Clearly the response

is dependent upon the source of the asphalt. Also the two figures are consistent

with each other in terms of trends observed. Figure 25 and 26 show the effect of

hydrated lime filler on different asphalts graded as AC-30. Figures 27 and 28 contrast

the effect of limestone filler on different asphalts graded as AC-30. It is clear that

hydrated lime has the effect of “stiffening” the asphalts except in the case of the

asphalt identified as Asphalt Number 1. This is in agreement with what is to be

expected. The results obtained also caution the end user that the chemistry of the
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particular asphalt maybe an important variable (inadequately captured by the PG

grading system) when considering the effect of hydrated lime as a filler. Figures 29

through 34 compare the behavior of similar specimens differing in the gradation of

the sand used. Specimens made with ASTM graded sand generate a higher normal

force and torque as compared to specimens made with ASTM 20-30 sand. This is as

expected since the percentage of finer sand in ASTM graded sand is higher.
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Limestone 7.5% AV−Expt
Limestone 7.5% AV−Theory
Limestone 9.5% AV−Expt
Limestone 9.5% AV−Theory

Fig. 5. Comparison of normal force in sand-asphalt specimens fabricated using

PG64-22 asphalt with limestone filler, at 7.5% and 9.5% air voids. The loading

rate is 60 min/rev. The duration of loading is 120 seconds (Filler/Asphalt ratio

10% by mass).
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Limestone 7.5% AV−Expt
Limestone 7.5% AV−Theory
Limestone 9.5% AV−Expt
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Fig. 6. Comparison of torque in sand-asphalt specimens fabricated using PG64-22 as-

phalt with limestone filler, at 7.5% and 9.5% air voids. The loading rate is 60

min/rev. The duration of loading is 120 seconds (Filler/Asphalt ratio 10% by

mass).
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Expt− Limestone,loading:60 sec
Theory− Limestone,loading:60 sec
Expt− Limestone,loading:45 sec
Theory− Limestone,loading:45 sec

Fig. 7. Comparison of normal force in sand-asphalt specimens fabricated using

PG64-22 asphalt with limestone filler, at 7.5% air voids, for different load-

ing durations. The loading rate is 30 min/rev. Filler/Asphalt ratio is 10% by

mass.
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Expt− Limestone,loading:60 sec
Theory− Limestone,loading:60 sec
Expt− Limestone,loading:45 sec
Theory− Limestone,loading:45 sec

Fig. 8. Comparison of torque in sand-asphalt specimens fabricated using PG64-22 as-

phalt with limestone filler, at 7.5% air voids, for different loading durations.

The loading rate is 30 min/rev. Filler/Asphalt ratio is 10% by mass.
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Expt− Limestone,loading:120 sec
Theory− Limestone,loading:120 sec
Expt− Limestone,loading:90 sec
Theory− Limestone,loading:90 sec

Fig. 9. Comparison of normal force in sand-asphalt specimens fabricated using

PG64-22 asphalt with limestone filler, at 7.5% air voids, for different load-

ing durations. The loading rate is 60 min/rev. Filler/Asphalt ratio is 10% by

mass.
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Expt− Limestone,loading:120 sec
Theory− Limestone,loading:120 sec
Expt− Limestone,loading:90 sec
Theory− Limestone,loading:90 sec

Fig. 10. Comparison of torque in sand-asphalt specimens fabricated using PG64-22

asphalt with limestone filler, at 7.5% air voids, for different loading durations.

The loading rate is 60 min/rev. Filler/Asphalt ratio is 10% by mass.
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 11. Comparison of normal force in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG-64-22) with no filler, at loading rate of 60

min/rev for a loading duration of 90 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
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Fig. 12. Comparison of torque in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 60

min/rev for a loading duration of 90 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 13. Comparison of normal force in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 30

min/rev for a loading duration of 45 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 14. Comparison of torque in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 30

min/rev for a loading duration of 45 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 15. Comparison of normal force in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 30

min/rev for a loading duration of 60 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 16. Comparison of torque in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 30

min/rev for a loading duration of 60 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 17. Comparison of normal force in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 60

min/rev for a loading duration of 120 seconds (Filler/Asphalt ratio 10% by

mass).
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Asp + LS, Expt
Asp + LS, Theory
ASP + HL, Expt
ASP + HL, Theory
Asp w/o filler, Expt
Asp w/o filler, Theory

Fig. 18. Comparison of torque in sand-asphalt specimens fabricated with as-

phalt(PG64-22) containing hydrated lime filler, asphalt(PG64-22) containing

limestone filler and asphalt (PG64-22) with no filler, at loading rate of 60

min/rev for a loading duration of 120 seconds (Filler/Asphalt ratio 10% by

mass).
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AC−30 Asp No 1 − Expt
AC−30 Asp No 1 − Theory
AC−30 Asp No 2 − Expt
AC−30 Asp No 2 − Theory
AC−30 Asp No 3 − Expt
AC−30 Asp No 3 − Theory

Fig. 19. Comparison of normal force in sand-asphalt specimens fabricated using dif-

ferent asphalts (all graded as AC-30). The loading rate is 60 min/rev and the

loading duration is 120 seconds (Filler/Asphalt ratio 23% by mass).
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Asp No 1 − Expt
Asp No 1 − Theory
Asp No 2 − Expt
Asp No 2 − Theory
Asp No 3 − Expt
Asp No 3 − Theory

Fig. 20. Comparison of torque in sand-asphalt specimens fabricated using different

asphalts (all graded as AC-30). The loading rate is 60 min/rev and the loading

duration is 120 seconds (Filler/Asphalt ratio 23% by mass).
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Expt − Asp No 6
Theory − Asp No 6
Expt − Asp No 5
Theory − Asp No 5
Expt − Asp No 7
Theory − Asp No. 7

Fig. 21. Comparison of the normal forces in specimens made with three different as-

phalts graded as PG64-22. The loading cycle is 60-450-60-450-60.
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Expt − Asp No 6
Theory − Asp No 6
Expt − Asp No 5
Theory − Asp No 5
Expt − Asp No 7
Theory − Asp No 7

Fig. 22. Comparison of torque in specimens made with three different asphalts graded

as PG64-22. The loading cycle is 60-450-60-450-60.
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Expt − Asp No 6
Theory − Asp No 6
Expt − Asp No 5
Theory − Asp No 5
Expt − Asp No 7
Expt − Asp No 7

Fig. 23. Comparison of the normal forces in specimens made with three different as-

phalts graded as PG64-22. The loading cycle is 90-270-90.
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Expt − Asp No 6
Theory − Asp No 6
Expt − Asp No 5
Theory − Asp No 5
Expt − Asp No 7
Theory − Asp No 7

Fig. 24. Comparison of the torques in specimens made with three different asphalts

graded as PG64-22. The loading cycle is 90-270-90.
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Asp No 1 + HL − Expt
Asp No 1 + HL− Theory
Asp No 2 + HL − Expt
Asp No 2 + HL − Theory
Asp No 3 + HL − Expt
Asp No 3 + HL − Theory
Asp No 4 + HL − Expt 
Asp No 4 + HL − Theory

Fig. 25. Comparison of the normal forces in asphalts containing hydrated lime filler.

All the asphalts are graded as AC-30.
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Asp No 1 + HL − Expt
Asp No 1 + HL − Theory
Asp No 2 + HL  −  Expt
Asp No 2 + HL  −  Theory
Asp No 3 + HL  − Expt
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Asp No 4 + HL − Theory

Fig. 26. Comparison of the normal forces in asphalts containing hydrated lime filler.

All the asphalts are graded as AC-30.
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Asp No 2 + LS − Theory
Asp No 3 + LS − Expt
Asp No 3 + LS − Theory
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Fig. 27. Comparison of the normal forces in asphalts containing limestone filler. All

the asphalts are graded as AC-30.
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Fig. 28. Comparison of the normal forces in asphalts containing limestone filler. All

the asphalts are graded as AC-30.
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ASTM Graded Sand−Expt
ASTM Graded Sand−Theory
ASTM 20/30 Sand−Expt
ASTM 20/30 Sand−Theory

Fig. 29. Comparison of the normal forces in specimens made with sands of different

gradation. Loading rate being 30 minutes per rev and duration of loading

being 60 seconds.
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Fig. 30. Comparison of the torques in specimens made with sands of different grada-

tion. Loading rate being 30 minutes per rev and duration of loading being 60

seconds.
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ASTM Graded Sand−Expt
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Fig. 31. Comparison of the normal forces in specimens made with sands of different

gradation. Loading rate being 60 minutes per rev and duration of loading

being 90 seconds.
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Fig. 32. Comparison of the torques in specimens made with sands of different grada-

tion. Loading rate being 60 minutes per rev and duration of loading being 90

seconds.



62

0 500 1000 1500 2000 2500 3000

0

10

20

30

40

50

60

70

80

90

100

110

Time (in sec.)

N
or

m
al

 F
or

ce
 in

 N
 (

ab
so

lu
te

 v
al

ue
)

 

 

ASTM Graded Sand−Expt
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Fig. 33. Comparison of the normal forces in specimens made with sands of different

gradation. Loading rate being 60 minutes per rev and duration of loading

being 120 seconds.
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Fig. 34. Comparison of the torques in specimens made with sands of different grada-

tion. Loading rate being 60 minutes per rev and duration of loading being

120 seconds.
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CHAPTER V

A MODEL FOR SAND-ASPHALT MIXTURES

Asphalt mixes are three constituent mixtures consisting of an aggregate matrix, a

viscous fluid and air-filled voids (Fillers maybe treated together with asphalt as as-

phalt mastic). The mixture exhibits behavior that ranges from viscoelastic fluid like

to viscoelastic solid like to brittle elastic depending on the temperature and loading

conditions.

Different test methods tend to activate different response mechanisms. For ex-

ample the response of asphalt concrete to compressive creep is quite different from its

response to tensile creep. This diversity is a reflection of the physics underlying the

load carrying and relaxation mechanisms. In compressive tests the aggregate matrix

takes up a large share of the load and matrix interlock progressively slows down the

rate of deformation. On the other hand in tensile tests the majority of the stress is

transmitted through the asphalt mastic.

The air voids play a very important role in asphalt mix behavior. The possibility

of microcracks coalescing and propagating is determined by the air void distribution.

The air voids also serve to accommodate asphalt movements during deformation.

Sand-asphalt although a member of the extended asphalt concrete family shows

characteristics not usually seen in regular mixes. These characteristics such as a less

“stiff” aggregate matrix are accounted for through the smaller size and smooth shape

of the aggregate particles that make up sand-asphalt mixtures.

For a material as complex as asphalt concrete it is impractical to have a single

constitutive relation to determine its mechanical response under all conditions. A

very strong case maybe made to allow for a family of models depending upon the

class of processes the body is subjected to. This is indeed the basis for the framework
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G
Fe (or Fκp)

F (or Fκr)

κR

κp(t)

κc(t)

χκr(X, t)

N

N

n

Fig. 35. Diagram showing the notion of multiple natural configuration.

for the study of materials with multiple natural configurations.

A hierarchy of models of increasing sophistication, within the framework of multi-

ple natural configurations has been developed by Krishnan and Rajagopal ( [81],[82],[83],[84])

which have been very successful in capturing the behavior of asphalt mixtures sub-

jected to a variety of mechanical tests ranging from uni-axial extension to tri-axial

compression. The modeling efforts here are in the same spirit.

It is assumed that the behavior of interest here can be captured by a homoge-

nized, incompressible anisotropic fluid like model. The validity (or lack of it) of these

assumptions will be borne out by comparisons to experimental results.

A. Kinematics

As shown in Figure 35, κR is the reference configuration and κc(t) is the configuration

currently occupied by the material. κp(t) refers to the natural configuration associated
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with the material at time t. For homogenous deformations, Fκp(t)
(or Fe) denotes the

deformation gradient from κR to κc(t). In general this meaning may not be attached

to Fκp(t)
(see [12]). The mapping G from κR to κp(t) is defined through,

G := Fe
−1F. (5.1)

Using the polar decomposition theorem,

F = RU = VR, (5.2)

where R is a proper orthogonal tensor, U and V are the right and left stretch tensors

and they are positive definite symmetric tensors. Similarly we define,

Fe = ReUe (5.3)

= VeRe (5.4)

= RκpUκp (5.5)

= VκpRκp. (5.6)

Le and Lp are defined through,

Le = ḞeF
−1
e , (5.7)

Lp = ĠG−1. (5.8)

B. A Constitutive Model for Sand-Asphalt Mixtures

From equation (2.20)

T · L − ρ
˙̂
ψ − ρηθ̇ = ξd. (5.9)
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Let,

ψ̂ = ψ̂(Fe, θ). (5.10)

Using the previous two equations,

T · L − ρ
∂ψ̂

∂Fe

· Ḟe − ρ
∂ψ̂

∂θ
θ̇ − ρηθ̇ = ξd. (5.11)

T · L − ρ
∂ψ̂

∂Fe

· Ḟe − ρθ̇(
∂ψ̂

∂θ
+ η) = ξd. (5.12)

Setting,

∂ψ̂

∂θ
= −η, (5.13)

in Eq. (5.12), we have,

T · L − ρ
∂ψ̂

∂Fe

· Ḟe = ξd. (5.14)

From the kinematics,

Lκr = ḞκrF
−1
κr
. (5.15)

Ḟe = Fe
′

+
▽

Fe= Ḟe|G held fixed + Ḟe|Fκr held constant

= ḞκrG
−1|G held fixed + Fκr

˙G−1|Fκr held constant

= LκrFe − FeLp. (5.16)

This implies,

L = Lκr = (Ḟe + FeLp)F
−1
e (5.17)

= (Ḟe−
▽

Fe)F
−1
e . (5.18)

Substituting for Lκr in Eq. (5.14) we have,

T · (Ḟe−
▽

Fe)F
−1
e − ρ

∂ψ̂

∂Fe
· Ḟe = ξd. (5.19)
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(T − ρ
∂ψ̂

∂Fe

FT
e ) · Le − (TF−T

e ·
▽

Fe) = ξd. (5.20)

Using the property that the dot product of a symmetric tensor and a skew tensor is

zero, the above equation can be rewritten as,

(T − ρ
∂ψ̂

∂Fe
FT

e ) · Le −T∗·
▽

Ve −τ
∗ · Ωe = ξd, (5.21)

where,

T∗ =
1

2
(TVe

−1 + Ve
−1T), (5.22)

τ
∗ =

1

2
(VeTVe

−1 − Ve
−1TVe), (5.23)

Ωe =
▽

ReRe
T, (5.24)

▽

Ve = V̇e|Fκr held fixed, (5.25)

▽

Re = Ṙe|Fκr held fixed. (5.26)

It is assumed that the dissipation is of the following form (following Rajagopal and

Srinivasa [85]),

ξd = (β0

▽

Ve ·
▽

Ve +β1Ωe · Ωe)
r

. (5.27)

Now it is required that the natural configuration evolve in such a way that the rate

of entropy prduction is maximized. This is by no means the only possible route. This

issue has been discussed in detail by Rajagopal and Srinivasa [86]-[87]. The procedure

has been successfully used previously for asphalt bound mixture by Krishnan and

Rajagopal [81] and it has worked very well. The maximization of dissipation as a

strategy to pick among the many different ways in which the natural configuration

could evolve has also been successfully applied to a variety of materials from polymers

to single crystals, by Rajagopal and co-workers ([88],[89],[90],[91]).

The reduced energy-dissipation equation acts as a constraint on the maximization
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of dissipation. Constraints are also imposed by incompressibility (both of the elastic

response and the inelastic response). The suitability of this assumption for asphalt

bound bound mixtures is open to debate. Indeed air voids play a crucial role in

the reponse of asphalt mixtures and changes in the percentage of air voids over time

in pavements is used by practicing engineers as a measure of residual service life

of pavements. The assumption of incompressibility is imposed here because for the

specific problem on hand air void changes over the duration of the experiment may

not be significant. It is also noted that relaxing this constraint of incompressibility

presents no difficulty and may be easily carried out.

The standard methods of the calculus of constrained maximization is applied.

Lagrange multipliers λ1, λ2 and λ3 are introduced.

h = ξd − λ1(A · Le −T∗·
▽

Ve −τ
∗ · Ωe − ξd) − λ2trLe − λ3

▽

Ve ·V
−1
e , (5.28)

where,

A = T − ρ
∂ψ̂

∂Fe
Fe

T . (5.29)

Differentiating h with respect to Le,

∂h

∂Le
= −λ1A− λ2I = 0. (5.30)

i.e.,

T = −pI + ρ
∂ψ̂

∂Fe
FT

e

= −pI + 2ρFe
∂ψ̂

∂Ce
Fe

T, (5.31)

where p = λ2

λ1
.
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Differentiating h with respect to
▽

Ve,

∂h

∂
▽

Ve

= (1 + λ1)
∂ξ

∂
▽

Ve

− λ3V
−1
e + λ1T

∗ = 0. (5.32)

i.e.,

(1 + λ1)2rβ0

▽

Ve ξ
(r−1)/r − λ3V

−1
e + λ1T

∗ = 0. (5.33)

Differentiating h with respect to Ωe,

∂h

∂Ωe

= (1 + λ1)
∂ξ

∂Ωe

+ λ1τ
∗ = 0. (5.34)

i.e.,

(1 + λ1)2rβ1Ωeξ
(r−1)/r + λ1τ

∗ = 0. (5.35)

By routine manipulations,

2r(1 + λ1)

λ1
= 1 and

λ3

λ1
=

T∗ ·V−1

e

V−1
e · V−1

e

. (5.36)

From kinematics, the following relation is available,

V̇e + VeWe − LκrVe =
▽

Ve +VeΩe, (5.37)

where,

We = ṘeRe
T . (5.38)

Expression for
▽

Ve and Ωe are available from Eq.(5.33) and Eq.(5.35). After elimi-

nating ξ, the expressions for
▽

Ve and Ωe maybe substituted in the above kinematic
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relation to obtain the evolution equation. Using Eq. (5.27), Eq (5.33) and Eq. (5.35),

ξd =

(

(λ3

λ1
V−1

e −T∗
)

·
(λ3

λ1
V−1

e −T∗
) 1

β0
+
(τ

∗ · τ ∗

β1

)

)

r

2r − 1
. (5.39)

Therefore the evolution equation becomes,

LκrVe − V̇e − VeWe = δ
1−r
2r−1

(

(

T∗ −
λ3

λ1
V−1

e

) 1

β0
+

Veτ
∗

β1

)

, (5.40)

where,

δ =

(

(λ3

λ1
V−1

e − T∗
)

·
(λ3

λ1
V−1

e − T∗
) 1

β0
+
(τ

∗ · τ ∗

β1

)

)

. (5.41)

The response of asphalt bound mixtures is anisotropic. This has been docu-

mented by Masad et. al. [92]. Guided by these observations a form for the Helmholtz

potential is chosen. It is assumed that the response of the asphalt mixture is or-

thotropic from the natural configuration. This is a reasonable assumption as the fab-

rication process involves compaction and radial heat transfer. Let N and M denote

the two mutually perpendicular preferred directions (fixed) in the natural configura-

tion of the material. Let n and m correspond to N and M respectively in current

configuration of the body. Then,

n = FeN, (5.42)

m = FeM. (5.43)

Two related quantities n∗ and m∗ are also defined where,

n∗ = ReN, (5.44)

m∗ = ReM. (5.45)
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The Helmholtz potential is assumed to have the following form:

ψ̂ = ψ̂(I1, I2, I3, I4, I5, I6, I7, θ), (5.46)

where,

I1 = trBe = trCe,

I2 = tr(B2
e) = tr(C2

e),

I3 = detBe = detCe,

I4 = N ·CeN, N =













1

0

0













,

I5 = M · CeM, M =













0

0

1













,

I6 = N ·Ce
2N,

I7 = M · Ce
2M.

Specifically,

ψ̂ = A +B(θ − θr) −
C1

2
(θ − θr)

2 + C2(θ − θr − θln
θ

θr

)

+
µ̂1θ

ρκp(t)
θr

(I1 − 3)q +
µ̂2θ

2ρκp(t)
θr

(I1 − 3)g(I4)

+
µ̂3θ

ρκp(t)
θr

k(I4) +
µ̂5θ

2ρκp(t)
θr

(I1 − 3)2 +
µ̂6θ

ρκp(t)
θr

h(I5). (5.47)
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where,

g(I4) =











ω + ω(1 − e
−(I4−1)

τ ), if I4 ≥ 1

ω − ω(1 − e
(I4−1)

τ ), if I4 < 1.
(5.48)

Computations yield,

T = −pI + 2µ̂1q(I1 − 3)q−1 θ

θr
Be + 2µ̂2

θ

θr
(I1 − 3)g(I4)Be

+2µ̂2
θ

θr
(I1 − 3)2g′(I4)(FeN ⊗ FeN)

+2µ̂3
θ

θr
k′(I4)(FeN ⊗ FeN) + 2µ̂5

θ

θr
(I1 − 3)Be

+2µ̂6
θ

θr
h′(I5)(FeM ⊗ FeM). (5.49)

i.e.,

T = −pI + µ1Be + µ2(FeN⊗ FeN) + µ3(FeM⊗ FeM), (5.50)

where,

µ1 = 2(µ̂1q(I1 − 3)q−1 + µ̂2(I1 − 3)g(I4) + µ̂5(I1 − 3))
θ

θr

, (5.51)

µ2 = (2µ̂2(I1 − 3)2g′(I4) + 2µ̂3k
′(I4))

θ

θr

, (5.52)

µ3 = 2µ̂6h
′(I5)

θ

θr

. (5.53)
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C. Application to Torsion

Since the deformation of interest in this study is due to torsion, the following form is

assumed for the motion,

r = R,

θ = Θ + ψ(t)Z, (5.54)

z = Z.

In the interest of clarity it is noted that ψ(t) is the twist per unit length and is not

related to the Helmholtz potential ψ̂.

The deformation gradient with respect to the reference configuration is found to be,

Fκr =













1 0 0

0 1 ψR

0 0 1













. (5.55)

The velocity gradient with respect to the reference configuration is computed to be,

Lκr =













0 −ψ̇z 0

ψ̇z 0 rψ̇

0 0 0













. (5.56)

Solutions of the following form are sought,

Ve(R, t) =





















k1 0 0

0
k2

k1

k3

k1

0
k3

k1

k1 + k2
3

k1k2





















, (5.57)
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Re(R, t) =













1 0 0

0 cosα −sinα

0 sinα cosα













. (5.58)

This is essentially a semi-inverse approach to determine the elastic response at each

instant. There is no surety on the existence of a solution of this form. The constraint

of incompressibility is met by the form assumed for Ve.

The evolution equation now becomes,

LκrVe − V̇e − VeṘeRe
T = δ

1−r

2r−1

{

1

β0

(

µ1Ve +
1

2
µ2Ven

∗ ⊗ n∗ +
1

2
µ3Vem

∗ ⊗ m∗

−(
3µ1 + µ2 + µ3

V−1
e · V−1

e

)V−1
e

+
1

2
µ2n

∗ ⊗ Ven
∗ +

1

2
µ3m

∗ ⊗Vem
∗

)

+
Ve

β1

(

1

2
µ2V

2
en

∗ ⊗ n∗ +
1

2
µ3V

2
em

∗ ⊗m∗

−
1

2
µ2n

∗ ⊗V2
en

∗ −
1

2
µ3m

∗ ⊗ V2
em

∗

)}

, (5.59)

where,

n∗ = ReN =













1

0

0













, (5.60)

m∗ = ReM =













0

−sinα

cosα













, (5.61)

Let,

Θ̃ = s(R,Θ, Z, t), (5.62)

where tilde identifies quantities in the natural configuration. It is now assumed that
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the terms involving ṡ are small enough to be ignored. This assumption leaves us with

five equation for the evolution of k1, k2, k3, α. Of these five equations only four are

independent. The evolution equations are,

dk1

dt
= −δ( 1−r

2r−1
)(
µ1k1

β0

+
µ2k1

β0

−
µ4

β0k1

), (5.63)

rψ̇k3

k1
−

d

dt
(
k2

k1
) −

α̇k3

k1
= δ( 1−r

2r−1
)

(

µ1k2

β0k1
+
µ3

β0
(
k2

k1
sin2α−

k3

k1
sinαcosα)

−
µ4

β0
(
k1 + k2

3

k2
)

−
k3µ3

k12β1

{

(
k2k3

k2
1

+
k3(k1 + k2

3)

k2
1k2

)(cos2α− sin2α)

+(
−(k2

2 + k2
3)

k2
1

+
k2

3

k2
1

+
(k1 + k2

3)
2

k2
1k

2
2

)sinαcosα
}

)

,

(5.64)

rψ̇(k2
3 + k1)

k1k2
−

d

dt
(
k3

k1
) +

k2

k1
α̇ = δ( 1−r

2r−1
)

(

µ1k3

β0k1
+
µ4k3

β0

+
µ3

2β0

(k3

k1
− (

k2

k1
+
k2

3 + k1

k1k2
)sinαcosα

)

+
µ3k2

2β1k1

{

(
k2k3

k2
1

+
k3(k1 + k2

3)

k2
1k2

)(cos2α− sin2α)

+(
k2

3

k2
1

+
(k1 + k2

3)
2

k2
1k

2
2

−
k2

2 + k2
3

k2
1

)cosαsinα
}

)

,

(5.65)
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−
d

dt
(
k3

k1
) − α̇

k2
3 + k1

k1k2
= δ( 1−r

2r−1
)

(

µ1k3

β0k1
+
µ4k3

β0

+
µ3

2β0

(k3

k1
− (

k2
3 + k1

k1k2
+
k2

k1
)cosαsinα

)

−
µ3

2β1
(
k1 + k2

3

k1k2
)
{

(
k2k3

k2
1

+
k3(k1 + k2

3)

k2
1k2

)(cos2α− sin2α)

+(
k2

3

k2
1

+
(k1 + k2

3)
2

k2
1k

2
2

−
k2

2 + k2
3

k2
1

)sinαcosα
}

)

. (5.66)

where d
dt

denotes the material time derivative. The initial conditions for these equa-

tions are given by,

k1(R, t = 0) = 1, (5.67)

k2(R, t = 0) = 1, (5.68)

k3(R, t = 0) = 0, (5.69)

α(R, t = 0) = 0. (5.70)

The stress T is given by,

T =













−p + µ1k
2
1 + µ2k

2
1 0 0

0 Tθθ Tθr

0 Trθ Tzz













, (5.71)

where,

Tθθ = −p + µ1(
k2

2

k2
1

+
k2

3

k2
1

) + µ3(
−k2sinα

k1
+

k3cosα

k1
)2, (5.72)

Trθ = Tθr

= µ1

(k2k3

k2
1

+
k3(k1 + k2

3)

k2
1k2

)

+µ3(−
k2

k1

sinα +
k3

k1

cosα)(−
k3

k1

sinα +
k1 + k2

3

k1k2

cosα), (5.73)

Tzz = −p + µ1

(k2
3

k2
1

+ (
k1 + k2

3

k1k2

)2
)

+ µ3(
−k3

k1

sinα +
k1 + k2

3

k1k2

cosα)2. (5.74)



78

On neglecting body forces and interial terms, the equilibrium equation yields,

divT = 0. (5.75)

i.e.,

∂Trr

∂r
+

1

r
(Trr − Tθθ) = 0. (5.76)

i.e,

∂

∂R
(−p + µ1k

2
1 + µ2k

2
1)

+
1

R

(

(µ1 + µ2)k
2
1 − µ1(

k2
2

k2
1

+
k2

3

k2
1

) − µ3(−
k2

k1
sinα +

k3

k1
cosα)2

)

= 0. (5.77)

The boundary conditions for this equation is the traction free condition on the outer

surface of the cylinder.

Trr|R=Router
= 0. (5.78)

i.e.,
(

− p+ µ1k
2
1 + µ2k

2
1

)

|R=Router
= 0. (5.79)

The evolution and momentum equations are solved (Eq. 5.63, Eq. 5.64, Eq. 5.65,

Eq. 5.66 and Eq. 5.77) with the initial and boundary conditions to obtain k1, k2, k3

and α.

The normal force is given by,

N =

∫ R

o

2πR
(

−p+µ1

{k2
3

k2
1

+(
k1 + k2

3

k1k2
)2
}

+µ3(−
k3

k1
sinα+

k1 + k2
3

k1k2
cosα)2

)

dR. (5.80)

The torque is given by,

M =

∫ R

0

2πR2
(

µ1(
k2k3

k2
1

+
k3(k1 + k2

3)

k2
1k2

)

+µ3(−
k2

k1
sinα +

k3

k1
cosα)(

−k3

k1
sinα +

k1 + k2
3

k1k2
cosα)

)

dR. (5.81)
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The comparison of experimental results to theoretical prediction is provided in

Figures 5 through 34. The values of the model parameters used in the theoretical

predictions are tabulated in Table IX. In all cases here µ̂3, µ̂5 and µ̂6 are set to 0.0.

D. Parametric Study of Model

Typically asphalt bound mixtures in the laboratory are subjected to stains of the order

of .04 to 0.4%, i.e 400 to 4000 microstrain (see for example [93]). The strain measure

widely used in literature pertaining to asphalt bound materials is the linearized strain

( There are many different strain measures, see for example [94]).

In the experimental study carried out here, the strains encountered were much

higher than this. The linearized strain calculated as (rφ/l) were of the order of 5%.

Thus the strains attained were high enough to have damaged the material. This is

a possible explanation for the discrepancy between the experimental results and the

theoretical prediction of torque values immediately after unloading ( the long-term

fits are quite good). A large volume of literature exists on damage within the context

of asphalt bound mixtures (see for example [27]) and the mechanics of different kinds

of materials. (See for example [95],[96],[97],[98])

To further investigate this, a parametric study was carried out to see the effect of

small strains on the mix response. The material moduli used for the parametric study

were, µ̂1 = 1.2× 107, µ̂2 = 1× 106 , q = 1, r = 0.76, β0 = 6× 1010 and β1 = 6× 1010.

The results are summarized in Figures 36 through 43.
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Table IX. Parameter values used for the different materials. The units of µ are N/m2

and the units of (µ/β)(r)/(2r−1) are s−1

Material Parameter

Limestone 7.5% air voids, Asp No 8 (PG64-22) ω = τ = 9 × 10−3

µ̂1 = 3 × 1011

µ̂2 = 1.5 × 108

β0 = β1 = 8.5 × 1010

q = 3

r = 0.85

Limestone 9.5% air voids, Asp No 8 (PG64-22) ω = τ = 9 × 10−3

µ̂1 = 2.3 × 1011

µ̂2 = 0.9 × 108

β0 = β1 = 7.8 × 1010

q = 3

r = 0.85

Hydrated Lime 7.5% air voids, Asp No 8 (PG64-22) ω = τ = 9 × 10−3

µ̂1 = 3 × 1011
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Table IX. Continued.

Material Parameter

µ̂2 = 1.3 × 108

β0 = β1 = 8 × 1010

q = 3

r = 0.85

20-30 Sand and Pure Asphalt, Asp No 8 (PG64-22) ω = τ = 9 × 10−3

µ̂1 = 2.2 × 1011

µ̂2 = 0.8 × 108

β0 = β1 = 5.5 × 1010

q = 3

r = 0.85

Pure Asphalt,Asp No 1, AC-30 ω = τ = 9 × 10−3

µ̂1 = 35 × 1012

µ̂2 = 9.6 × 107

β0 = β1 = 1.5 × 1011

q = 4

r = 0.84

Pure Asphalt, Asp No 2, AC-30 ω = τ = 9 × 10−3

µ̂1 = 42 × 1012

µ̂2 = 1.1 × 108
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Table IX. Continued.

Material Parameter

β0 = β1 = 2.0 × 1011

q = 4

r = 0.84

Pure Asphalt, Asp No 3, AC-30 ω = τ = 9 × 10−3

µ̂1 = 42 × 1012

µ̂2 = 1.1 × 108

β0 = β1 = 2.6 × 1011

q = 4

r = 0.84

ASTM graded sand, Pure Asphalt, Asp No 8,

PG64-22

ω = τ = 9 × 10−3

µ̂1 = 4.2 × 1011

µ̂2 = 1.2 × 108

β0 = β1 = 9 × 1010

q = 3

r = 0.85

Pure Asphalt Asp No 5, PG64-22 ω = τ = 9 × 10−3

µ̂1 = 1.4 × 1011

µ̂2 = 1.0 × 108
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Table IX. Continued.

Material Parameter

β0 = β1 = 1.35×1011

q = 3

r = 0.9

Pure Asphalt, Asp No 7, PG64-22 ω = τ = 9 × 10−3

µ̂1 = 1.4 × 1011

µ̂2 = 0.8 × 108

β0 = β1 = 1.5 × 1011

q = 3

r = 0.9

Pure Asphalt, Asp No 6, PG64-22 ω = τ = 9 × 10−3

µ̂1 = 1.4 × 1011

µ̂2 = 0.9 × 108

β0 = β1 = 1.3 × 1011

q = 3

r = 0.9

Asp No 3, AC-30 with HL ω = τ = 9 × 10−3

µ̂1 = 50 × 1012

µ̂2 = 1.3 × 108

β0 = β1 = 3.5 × 1011
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Table IX. Continued.

Material Parameter

q = 4

r = 0.84

Asp No 3, AC-30 with LS ω = τ = 9 × 10−3

µ̂1 = 42 × 1012

µ̂2 = 1.25 × 108

β0 = β1 = 3.2 × 1011

q = 4

r = 0.84

Asp No 4, AC-30 with HL ω = τ = 9 × 10−3

µ̂1 = 44 × 1012

µ̂2 = 1.3 × 108

β0 = β1 = 2.5 × 1011

q = 4

r = 0.84

Asp No 4, AC-30 with LS ω = τ = 9 × 10−3

µ̂1 = 46 × 1012

µ̂2 = 1.15 × 108

β0 = β1 = 3.2 × 1011

q = 4
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Table IX. Continued.

Material Parameter

r = 0.84

Asp No 2, AC-30 with LS ω = τ = 9 × 10−3

µ̂1 = 44 × 1012

µ̂2 = 1.15 × 108

β0 = β1 = 2.3 × 1011

q = 4

r = 0.84

Asp No 2, AC-30 with HL ω = τ = 9 × 10−3

µ̂1 = 44 × 1012

µ̂2 = 1.3 × 108

β0 = β1 = 2.1 × 1011

q = 4

r = 0.84

Asp No 1, AC-30 with LS ω = τ = 9 × 10−3

µ̂1 = 46 × 1012

µ̂2 = 1.35 × 108

β0 = β1 = 3.2 × 1011

q = 4

r = 0.84
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Table IX. Continued.

Material Parameter

Asp No 1, AC-30 with HL ω = τ = 9 × 10−3

µ̂1 = 40 × 1012

µ̂2 = 1.2 × 108

β0 = β1 = 1.8 × 1011

q = 4

r = 0.84
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Fig. 36. Normal force for loading rate of 200 minutes per rev and duration of loading

being 11 seconds. Linearized strain ≈ 0.2%.
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Fig. 37. Torque for loading rate of 200 minutes per rev and duration of loading being

11 seconds. Linearized strain ≈ 0.2%.
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Fig. 38. Normal force for loading rate of 200 minutes per rev and duration of loading

being 16 seconds. Linearized strain ≈ 0.3%.
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Fig. 39. Torque for loading rate of 200 minutes per rev and duration of loading being

16 seconds. Linearized strain ≈ 0.3%.
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Fig. 40. Normal force for loading rate of 200 minutes per rev and duration of loading

being 22 seconds. Linearized strain ≈ 0.4%.
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Fig. 41. Torque for loading rate of 200 minutes per rev and duration of loading being

22 seconds. Linearized strain ≈ 0.4%.
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Fig. 42. Normal force for loading rate of 200 minutes per rev and duration of loading

being 27 seconds. Linearized strain ≈ 0.5%.
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Fig. 43. Torque for loading rate of 200 minutes per rev and duration of loading being

27 seconds. Linearized strain ≈ 0.5%.
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CHAPTER VI

CONCLUSION

A. Summary

The experimental results clearly showed that asphalt bound mixtures generate sig-

nificant normal forces even at low rotation rates. The fact that asphalt mixtures

show distinct non-linear behavior is no surprise but the fact that even at very low

rotation rates, significant amount of normal forces are generated underlines the high

non-linearity of the material response. It was also observed that asphalts from differ-

ent sources but graded the same, behaved differently. The addition of fillers and the

reduction of air voids caused the specimens to become stiffer. The effect of gradation

of the sand on the normal stress generation is pronounced and along expected lines.

The anisotropic model that was developed was able to predict qualitative trends

and obtain reasonable quantitative agreement. The magnitude of the final strain

that was induced in specimens in the course of the experiments may have been large

enough to damage them. This has to be taken into account in the modeling to obtain

better fits.

B. Directions for Future Work

The scope for future work is virtually limitless. Asphalt concrete is an extremely

complicated material. Each of its constituents by themselves have defied easy char-

acterization. A model that accounts for damage could be developed. The model

that has been developed here can be extended to a constrained mixture model paying

cognizance to the fact that the asphalt mastic and aggregate matrix have distinct

relaxation and load bearing mechanisms. The constraint of incompressibility could
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also be relaxed to obtain a more realistic model. The air void distribution also needs

to be taken into account. The model could also be modified to allow for a transition

to a viscoelastic solid type response as the temperature drops. The interaction be-

tween asphalt and aggregates is a entropy producing process and this also needs to

be factored in.

The number of problems arising out of inadequate understanding of asphalt con-

crete behavior are many. Among these are the problem of aging (including cracking

and healing), quantification of the compaction process and fatigue life prediction. The

design of pavements could also reap great benefits from successful modeling efforts.
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APPENDIX A

CALIBRATION OF TORQUE SENSOR

Fig. 44. Calibration sheet for the torque sensor
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