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Preface

Because of the urgent need for infrastructure rehabilitation andmaintenance, the intro-

duction and application of sustainable and environmentally friendly bituminous mate-

rials will have a significant impact on the national economy as well as on energy

sustainability. It is for this reason that more research is needed on understanding

bituminous materials.

This book provides a comprehensive review of recent advances in research and

technological developments in bituminous materials, from fundamental material

properties in the microscale and macroscale to modeling techniques. It covers a wide

range of subjects, including the perspective of bituminous binder specification; char-

acterization and analysis of asphalt materials; pavement distresses such as thermal

cracking, fatigue cracking, healing, permanent deformation, moisture damage, and

oxidative aging; alternative binders; the blending issue of reclaimed asphalt pave-

ment; asphalt emulsion; and aggregate gradation optimization. It also includes devel-

opments to understand the response behavior of bituminous material under various

mechanical and environmental impacts for the selection criteria, so that longer lasting

asphalt pavements can be achieved.

This book is essential for researchers, practitioners, and transportation engineers

who need updated and valuable information in material characterization and field val-

idation for both short- and long-term performance of asphalt pavements.

We would like to express our most sincere thanks to all the authors for their hard

work. Without their efforts, we would not have had such high-quality content in this

publication. Thanks are also extended to Gwen Jones and Josh Bennett of Woodhead

Publishing for their skillful management of the revision and publication process, and

to our colleagues, friends, and families for their forbearance and support during the

long process leading to this book.

Shin-Che Huang
Hervé Di-Benedetto



Introduction

S.-C. Huang1, H. Di Benedetto2
1Western Research Institute, Laramie, WY, USA; 2University of Lyon, Lyon, France

Asphalt materials (or bituminous materials) have been used for road construction and

maintenance since the end of the nineteenth century. They are the most commonmate-

rials for quality road surfaces and structures. The importance of these materials in road

construction can be demonstrated by their extraordinary physical and chemical prop-

erties. However, their complex thermoviscoelastoplastic and chemical behavior are

still not well understood, even after several decades of application, and are in need

of new investigations, from nanoscale up to structure levels.

In light of growing concerns about environmental and health protection, the

techniques and processes used for energy-saving and natural materials should be rede-

signed, and new materials should be invented. These evolutions are part of the natural

process of “sustainable development” and need technological breakthroughs. All of

these will be possible only if scientific locks are solved. They can be accomplished

only if better knowledge of the complex behavior of asphalt materials is developed.

This book provides updates of the most advanced developments in asphalt materials,

including asphalts, mastics, and mixes, and aims to provide information and

knowledge that help to solve the new challenges of road construction.

Asphalt, also known as bitumen, is the black glue that binds more than 90% of high-

way together. It is largely produced from the refining of crude oils. The chemical and

physical properties of crude oils that are obtained from different oil fields (sources) are

generally different. These differences have a significant effect on the properties of

asphalts, especially when they come into contact with aggregates in the pavement

engineering field. Asphalt binder is a mixture of a wide variety of hydrogen and car-

bon compounds. Some are aliphatic (waxy asphalts), some are aromatic (airblown

asphalts), and some molecules include both aliphatic and aromatic carbon. These

components appear to vary widely in molecular size, and it is the known tendency

of polar molecules to form molecular associations. Such associations are usually held

together by weak forces compared with the bonding forces that hold individual atoms

together in molecules. Polars tend to associate strongly to form organized structures

and cause stiffening, while nonpolars cause dissociation of polars and softening of the

whole asphalt.

It is known that polar associations in asphalt are of great importance in influencing

asphalt properties, and it is important to introduce a model of asphalt structure in

which molecular associations are central. This model historically has been known

as the colloidal model, and assumes that polar molecules in crude oil residua interact



to form molecular associations. These molecular associations are believed to be dis-

persed in a bulk solvent, which consists of the saturated components, the aromatic

compounds, and the less polar heteroatom-containing compounds. Unfortunately, cur-

rent research does not provide sufficient information on how these microstructures

influence the rheological properties of asphalt binders, or on pavement performance.

Several distresses are observed in road structures. It appears that a good knowledge

of the composition of asphalt and asphalt aggregate interaction must be considered for

a good description of these distresses. For example, cracking is one of the serious fail-

ure modes in pavement. If the molecular network becomes too stiff (rigid), the stabil-

ity of an asphalt to deform elastically will be lost. Instead, the asphalt will fracture and

likely will be separated sufficiently so that healing cannot occur.

Asphalts in pavements that exist as thin films exposed to aggregates, fillers, water,

oxygen, and traffic are the real service conditions in which they should have predict-

able performance. However, the different classification systems, such as the current

performance grade (PG) system, provide no assurance to the asphalts that like grades

will have the same stiffness when water is present in pavement, nor are there any cri-

teria to differentiate the oxidation effect. Oxidation very well may cause different

embrittlements after a few years of pavement service. Oxidation imparts permanent

hardening either in asphalt or in a mixture. When asphalt oxidizes, it stays stiffer

at any given set of conditions of storage time, temperature, and shear. Asphalt suffers

oxidative hardening continuously during its lifetime, and this type of hardening cannot

be removed by heat alone. The intent of developing a new specification was to classify

asphalts by their expected pavement performance, but the real-world environments

are largely ignored in the current design methods. Even the current global aging sys-

tem does not address photooxidation, nor does the current aging model include

“fundamental” binder properties.

Healing is another important phenomenon in which asphalt concrete is observed to

regain strength during a rest period after loss of strength during heavy traffic use. This

phenomenon, which still needs to be defined correctly, has been studied extensively in

recent years by many researchers. They envision a process wherein microcracks

formed in asphalt concrete during heavy traffic loads fuse back together when allowed

to rest. Clearly, this would require the asphalt to flow to refill the microcracks, and

certainly would be accelerated by confining pressure. A critically important observa-

tion is that not all asphalt concretes heal at the same rate, nor to the same extent.

Variations in asphalt composition cause major differences in healing propensity.

Clearly, fast and complete healing are performance advantages, but currently there

is no binder specification for healing rate or efficiency. No advantage is made of this

knowledge that asphalts can be distinguished with respect to performance.

Moisture damage is another common problem in asphalt pavement. Moisture may

invade pavement from rain, subgrade water, drainage, humidity, and so on. Water is a

highly polar material that can be transported into the asphalt by virtue of attraction of

polar water molecules to polar asphalt components. When water penetrates the asphalt

concrete, the mechanical strength will be reduced. However, current methods, such as

the Superpave system, do not provide guidelines on how water influences the strength

of asphalt concrete.
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Permanent deformation (which induces rutting) and fatigue damage have been well

recognized as two of the most important distresses, and they have been studied exten-

sively over the years. However, these phenomena are not always modeled correctly. In

addition, past research has always focused on these two phenomena separately. In a

real pavement situation, these two phenomena occur simultaneously.

The use of reclaimed asphalt pavement (RAP) has become relatively common

practice in most countries, as it is both an environmentally and economically attractive

proposition. A survey conducted by the Federal Highway Administration’s RAP

expert task group shows that the average RAP content in hot mix is only 10–20%

as used in the United States, even though specifications allow up to 30%. The primary

reason for this limited use is the uncertainty of the long-term performance of RAP

materials. Research is still needed for characterizing asphalt binders extracted from

RAP and recycled hot-mix asphalts. Furthermore, the interaction between new and

old asphalt binders in the mixtures containing RAP has not been studied extensively,

and the physicochemical interaction is still not well understood. It is essential to

understand the fundamental properties of recycled asphalt binder as well as the inter-

action between the old binder in the recycled asphalt and the fresh binder in the

new mix.

With the development of cold and warm mix techniques, new additives and new

processes appeared. The properties of these new asphaltic materials are different from

those of classical hot mixes, and therefore raise new questions. Again, research is

needed for better materials and structure design.

The strong demand for natural petroleum and the high cost of asphalt cement has

encouraged the development of alternative binders to replace asphalt binders. The

benefits of using alternative binders are that they can help save natural resources

and reduce energy consumption, all while maintaining and in some cases improving

pavement performance. Common alternative binders include fossil fuel, biobinder,

soybean oil, palm oil, vegetable oil, engine oil residue, grape residue, swine waste,

and pyrolized materials, among others. It has been observed that most, if not all, of

these alternative binders contain chemical compositions somewhat similar to those

of conventional asphalt binders (hydrocarbons, aromatics, saturates, asphaltenes,

etc.). However, research results indicate significant variability in the properties of

alternative binders. In addition, the modification mechanism (chemical) for asphalt

with alternative binders depends on the base asphalt, and is therefore not well

understood.

Achievement of consistent performance with asphalts requires accurate classifica-

tion and better understanding of the causes of pavement distresses.

This introduction presented some key unsolved questions related to asphalt mate-

rials and road applications. This book presents the current advances in asphalt research

that cause different distresses, and how they influence overall pavement performance.

It is especially designed to cover everything from the microscale of fundamental

chemical properties of asphalt binder, to the macroscale of mixture properties, how

they influence each other, and pavement performance. Obviously, additional research

is needed to better understand the relationship among age hardening, binder viscosity,

healing, moisture, fatigue cracking, and so on in pavement using asphalt.

Introduction xxi



This book consists of a total of 15 chapters, written by authors from international

societies and separated into three parts: (1) Characterization and analysis of asphalt

materials; (2) Damage mechanisms; and (3) Alternative asphalt materials. Following

this introduction, Chapter 1, entitled “A perspective of bituminous binder specifica-

tions,” provides the binder specification perspective of the past, present, and future.

Chapter 2, entitled “Analytical separation methods in asphalt research,” introduces the

typical analytical techniques for characterizing the chemical properties of asphalt

binder. Chapter 3, entitled “Tridimensional linear viscoelastic behavior of bituminous

materials,” provides a new way of thinking on how rheological models, via 3D linear

viscoelastic theory, link to thermomechanical properties of asphalt mixtures, and pro-

vides a better simulation model for real pavement. Chapter 4, entitled “Characteriza-

tion of asphalt materials by scanning probe microscopy,” introduces how current

atomic force microscopy (AFM) is used as a nanomechanical technique to measure

mechanical properties of bituminous materials at micron and submicron scale.

Chapter 5, entitled “Cracking mechanisms in asphalt pavements,” introduces the

cracking mechanisms in asphalt pavements and provides a top-down cracking perfor-

mance prediction model to illustrate the full potential of the critical condition

approach. Chapter 6, entitled “Deformation mechanisms of bituminous materials,”

provides insights on how the mechanical behavior of pure bitumen contributes to

the deformation-mechanism maps. Chapter 7, entitled “Damage healing in asphalt

pavements: theory, mechanisms, measurement, and modeling,” treats healing phe-

nomena and presents a methodology by which the intrinsic and the long-term healing

properties can be measured and used in fatigue damage analysis. Chapter 8, entitled

“The fatigue cracking of asphalt mixtures in tension and compression,” summarizes

the results of testing and analysis methods developed to provide the engineering prop-

erties of asphalt mixtures in tension and compression both in the undamaged and the

damaged states. Chapter 9, entitled “Multiscale modeling approach for asphalt con-

crete and its implications on oxidative aging,” provides a link from constituent binder

behavior (mastic) to mixture in terms of oxidative aging models. Chapter 10, entitled

“Moisture damage in asphaltic mixtures,” introduces the mechanism of moisture dam-

age and how the finite element method is used to simulate water flow induced by the

moving wheel, and provides guidelines for mix design of moisture-resistant asphalt

mixtures. Chapter 11, entitled “Advances in the development of alternative binders

from biomass for the production of biosourced road binders,” gives information on

some new products that could replace asphalt in the future. Chapter 12, entitled

“Blending of virgin bitumen and RA binder in mixtures with high amounts of

RA,” discusses if full blending occurred and how the blending influences the RAP

mixture properties. Chapter 13, entitled “Paving with asphalt emulsions,” provides

information on emulsion production, emulsion properties, and curing mechanisms.

Chapter 14, entitled “A new approach for aggregate grading optimization for mix-

tures,” presents a new method to obtain aggregate gradation and packing, improving

mix performance.
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1A perspective of bituminous

binder specifications

M. Southern
Eurobitume, Brussels, Belgium

1.1 Scope and terminology

This chapter will cover the concept and content of specifications for petroleum bitu-

men produced by the refining of crude oil. Although bitumen-like deposits occur nat-

urally in natural asphalt, rock asphalt, lake asphalt, and oil sands, and such materials

may be used in similar applications as refined bitumen, they are not considered within

the scope of this chapter.

Bitumen is known by different names throughout the world. In most European

countries, the term “bitumen,” or “refined bitumen,” is used predominantly and is syn-

onymous with the term “asphalt,” or “asphalt cement,” used in the United States. Out-

side the United States, the term “asphalt” is often used to describe a mixture of

bitumen with aggregate, sand, and filler. In this chapter, the term “bitumen,” or “bitu-

minous binder,” will be used to refer to the liquid product.

Different types of binders exist, including paving-grade bitumens, polymer-

modified binders, hard paving-grade binders, and multigrade binders, and these are

used for numerous different applications. The predominant focus of the chapter will

be specifications for binders for asphalt pavements, but it is recognized that in many

regions there are large numbers of pavements that are either unbound, or paved using

thin surfacings, or some form of surface treatment. The same principles of specifica-

tions apply to these products and processes, but the specific end use is not considered

in detail in this chapter.

The chapter will cover the important aspects of specifications and test methods,

what makes a good specification, and considerations for development of new speci-

fications. It is not the intention to provide detailed listings of individual product spec-

ifications, although the concepts of different specifications will be discussed.

1.2 Introduction

Bitumen is an engineering material, and is produced to meet a variety of specifications

in which the properties are defined based on physical properties. It is the residual prod-

uct from the distillation of crude oil in petroleum refining. It is a viscoelastic waterproof-

ing and construction material. It behaves like a Newtonian liquid at high temperatures

(>100 °C), exhibits relatively complex rheological behavior at intermediate tempera-

tures, and is an elastic solid at low temperatures (<0 °C). The main characteristics

Advances in Asphalt Materials. http://dx.doi.org/10.1016/B978-0-08-100269-8.00001-5
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of bitumen that make it suitable as a binder for asphalt are that it is adhesive, waterproof,

thermoplastic, durable, inexpensive, modifiable, and recyclable.

1.3 What is a specification?

A specification can be considered to be a detailed description of a given material,

enabling parties on either side of a commercial transaction to understand what can

be expected in performance terms at the point of transfer of ownership. In the context

of bituminous binder specifications, the specification should address properties that

are relevant to the end use for construction products in which they are used.

1.3.1 Characteristics, properties, test methods, and values

The starting point for development of a bituminous binder specification is the iden-

tification of the characteristics required for performance. The binder imbues certain

characteristics important to the performance of the asphalt. For this reason, it is impor-

tant that the role played by the binder in the asphalt mixture is understood so that a

binder specification focuses on the relevant characteristics of the binder.

For asphalt mixtures, pertinent characteristics might include

l Mechanical properties and stability
l Durability
l Safety in use

Additional properties are often included in a specification relating to specific charac-

teristics that might not be directly relevant to performance, but that provide important

practical information relating to handling and application.

After the important characteristics of the end product have been defined, the prop-

erties of the binder that relate to these characteristics can be considered for inclusion in

the specification. Once the properties have been defined, the properties can be mea-

sured using a defined test method under identified test conditions, which will then pro-

vide specific values that can be introduced to a product specification.

The importance of the above process is to define a range of values, tested under

specified conditions so that important properties of the binder can be compared by

different laboratories. For this reason, standardized test methods are required for

use within specifications.

The above concepts can be illustrated as follows.

Stiffness of an asphalt mixture is an important property that relates to the load-

bearing capability of the road pavement. The binder plays a role in providing stiffness

to the mixture, and this is evident from the fact that a stiffer binder provides a stiffer

asphalt mixture. Therefore, binder stiffness is a characteristic that is important to

define within a specification. A binder property that relates to the stiffness might

be the needle penetration value or the complex shear modulus G*. Therefore, a spec-
ification that considers binder stiffness important should include a measurement

2 Advances in Asphalt Materials



relating to this property. Having identified the property, the next step is to identify a

test method that measures the property; this might be carried out using a needle pen-

etrometer, or a dynamic shear rheometer (DSR). Bitumen stiffness is highly temper-

ature and loading-time dependent; therefore, the test method must include the

conditions under which the property should be measured. These would include details

of the test equipment geometry, test conditions, and temperature.

Having identified the property and test method to be used to measure a character-

istic, it is necessary to include in the specification a value or range of values that are

required in order for the binder to be considered fit for purpose.

A good specification will measure important properties of the binder that are rel-

evant to the performance of the product in which it is being used. Furthermore, the

properties will be measured using test methods that are relevant to the property, pro-

vide a reasonable precision of measurement, and establish appropriate limits for the

measured property.

1.3.2 Attributes of a good specification

A well-written specification should be able to differentiate between a binder that will

be suitable for purpose and one that will not, although it must be recognized that the

binder is not the sole determinant of end-product performance.

Most binder specification systems evaluate the properties of binders to consider the

predominant failure modes of the pavement, such as elevated service-temperature

properties (to address permanent deformation), low service-temperature properties

(to address low-temperature cracking), and intermediate service-temperature proper-

ties (to address pavement stiffness under “normal” service conditions, or to evaluate

fatigue behavior on an aged binder).

Road pavements have a long life cycle; therefore, durability is important. Depend-

ing on the failure property under evaluation, the binder might be subjected to some

form of aging/conditioning step prior to establishing the property of interest. In addi-

tion, a specification might include nonperformance-related requirements, such as

information that is important for safety, handling, storage, or application of the mate-

rial, such as viscosity, solubility, or storage stability.

1.3.3 Geographical considerations

Road pavements must be able to withstand geographic, seasonal, and diurnal (day–

night) variations in temperature, which may be quite extreme. In some countries, such

variations might exceed 70 °C, and range from extreme periods of heat or cold to fre-

quent heavy precipitation. Many specifications are designed to cover the range of cli-

matic conditions that can be reasonably anticipated during the service life of the

pavement. In some regions, specifications are “imported” from other areas, or coun-

tries. In such cases, it is essential to consider whether the criteria used in the devel-

opment of the original specifications remain valid for the new region in which the

specification is to be used.
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Bituminous binders are used to build road pavements, which are engineering struc-

tures; therefore, the engineering properties used within specifications must be appro-

priate for the climatic and traffic conditions that the pavement will experience during

its lifetime. For any sizable geographic region, it is unlikely that a single grade of bitu-

men will be suitable for the range of conditions likely to be encountered over the life-

time of a pavement. To that end, many specifications list not only a range of properties

to be measured, but also a series of grades of bitumen that may be selected for the

appropriate performance required.

Specifications can be national, regional, or local, depending on the contract in

which they are being used. Generally, the specifying agency within a country will pro-

duce specifications that cover the predominant grades of bitumen applicable to the

climatic and traffic conditions likely to be found within the region of use, and also

covering the types of pavement construction used.

Two of the larger regions in the world, the United States and Europe, have

approached binder specifications in a somewhat different manner from each other;

these will be examined in further detail in this chapter. The majority of specifications

used elsewhere in the world use one or the other of these concepts.

Most specifications focus on the main mechanical aspects of binder performance,

which is rational, given that the pavement must withstand the traffic loads to be

experienced.

1.4 Regulatory frameworks

In order that different people measuring the same product obtain the same or similar

results, it is important that specifications and testmethods are harmonizedwithin a given

regulatory area. To date, there are few standards that are fully international, and speci-

fications are generally restricted to national or regional boundaries.Within these bound-

aries, there are national or regional bodies responsible for developingandmaintaining the

test methods and specifications that are used within their jurisdiction. Two of the larger

geographical areas covered by specifications are Europe and the United States.

1.4.1 Europe

At the time of writing, the European Union (EU) comprises 28 countries, and the

European Economic Area (EEA) includes a further four European Free Trade Associa-

tion (EFTA) countries. A founding principle of the union is free trade between member

states. A key to this is the ability to prevent barriers to trade that might prevent themove-

ment of goods across national boundaries. The large number of countries and the wide

spread of climatic conditions present a number of challenges in ensuring free trade, in

particulardue tohistoricdifferences in specifications. Suchdifferenceshavebeenviewed

in the past as technical barriers to trade, something forbidden within the union.

Common specifications are desirable, even necessary, in order to permit manufac-

turers to produce goods that can be sold throughout the region. This is achieved by the
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implementation into each member state’s national legislation of a series of legal

instruments covering broad areas of activity, such as construction products. The Con-

struction Products Regulation (CPR)1 is the most relevant for bituminous binders, and

sets out criteria for products used within the EU by specifying a series of basic require-

ments. At the practical level, the requirements of the CPRmean that national standards

for construction products, including bituminous binders, must be harmonized so that

common specifications are used throughout the EU. These specifications must comply

with the CPR and incorporate criteria to ensure that such binders are suitable for pur-

pose by complying with the basic requirements. The body in Europe responsible for

producing specifications is CEN.2

1.4.1.1 Comité Européen de Normalisation

Comité Européen de Normalisation (CEN), the European Committee for Standardi-

zation, was founded in 1961 by the national standardization bodies in the European

Economic Community and EFTA countries. Currently, CEN has 33 national standard-

ization body members.3 In addition, there are associate members who participate in

the standardization process but do not have a vote. Each full member has voting rights

in the general assembly and administrative board of CEN and provides delegations to

the technical board, which defines the work program.

CEN works closely with the European Committee for Electrotechnical Standard-

ization (CENELEC), the European Telecommunications Standards Institute (ETSI),

and the International Organization for Standardization (ISO). It also has close liaisons

with European trade and professional organizations such as trade associations, as well

as other national or regional standardization bodies. Work for various product cate-

gories covered by CEN is conducted by technical committees (TCs). Working groups

(WGs) report to the TCs, and task groups (TGs) carry out the development of test

methods and product standards. WGs and TGs are populated by experts in their fields,

whereas formal voting and decision making is conducted by representatives of the

national standardization bodies within the TC.

Bitumen specifications in Europe are based on broad categories of binder type. The

main specifications for binders fall into binders for paving applications, surface treat-

ments, and those used for roofing and industrial applications.

The TC responsible for producing the specifications for bituminous binders is CEN

TC 336. WGs produce “harmonized” specifications and test methods for bituminous

binders following the principles outlined above.

1 Regulation (EU) No. 305/2011 of the European Parliament and of the Council laying down harmonized

conditions for the marketing of construction products and repealing Council Directive 89/106/EEC.
2 http://www.cen.eu/cen/pages/default.aspx.
3 Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France,

Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, The

Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland,

The Former Yugoslav Republic of Macedonia, Turkey, and United Kingdom.
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In addition to the national standardization bodies, TC 336 also includes several

associate members who participate in the TC activity but do not vote. These associate

members include the European bitumen association (Eurobitume), the European

Asphalt Paving Association (EAPA), and the Forum of European Highway Research

Laboratories (FEHRL). TC 336 works closely with CEN/TC 227 WG1—bituminous

mixtures, responsible for the standardization of asphalt mixtures.

A schematic diagram of the structure of CEN/TC 336 is shown in Figure 1.1,

together with the standards for bituminous binders.

For bituminous binders, a review of asphalt mixture and related binder properties

was compiled by TC 336 WG1; parts of this list are shown in Table 1.1. The list was

intended to cover most applications for paving bitumen performance, and it was rec-

ognized that for certain properties there was no test method currently available. Nev-

ertheless, the list was considered reasonably comprehensive.

For several of the properties above, there are currently no harmonized test methods

available; therefore, those properties cannot be included in binder specifications at present.

1.4.2 United States

In the United States, test methods and specifications are standardized by ASTM Inter-

national and American Association of State Highway and Transportation Officials

(AASHTO).

ASTM International was formerly known as the American Society for Testing and

Materials (ASTM). It operates in a broadly similar way to CEN in the development

and delivery of international standards. At the time of writing, some 12,000 ASTM

standards are used around the world.

The AASHTO is a nonprofit, nonpartisan association representing highway and

transportation departments in the United States. It represents all five transportation

modes: air, highway, public transportation, rail, and water. Its primary goal is to foster

Key
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Figure 1.1 Schematic diagram of the structure of CEN/TC 336.
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the development, operation, and maintenance of an integrated national transportation

system.

AASHTO serves as a liaison between state departments of transportation and the

federal government and, alongside ASTM International, is involved in establishing

technical standards for all phases of highway system development. Standards are

issued for design, construction of highways and bridges, materials, and numerous

other technical areas.4

Throughout the remainder of this chapter, references are provided, where appropri-

ate, for test methods and specifications from CEN, ASTM International, and

AASHTO.

Table 1.1 Relevant binder properties derived from asphalt
performance characteristics

Asphalt mixture characteristic Binder property relevant to that characteristic

Stripping Adhesion

Hardening during mixing Aging—Short-term

Resistance to aging in the road Aging—Long-term

Resistance to fretting

and cracking

Cohesion

Resistance to low-temperature

cracking

Combination of rheological and failure properties

(Fraass–BBR)

Resistance to fatigue cracking Fatigue property

Explosion elimination Flammability/flash point

Rutting resistance Rheological property at high/elevated service

temperature

Structural strength/bearing

capacity

Complex modulus

Resistance to segregation Shear viscosity after short-term aging

Asphalt stiffness Stiffness

Production phase Storage stability (of modified binders)

Resistance to stripping Tackiness/stickiness

Structural strength Tensile test

Resistance to reflective cracking Toughness

Rutting resistance Viscosity versus temperature

Recuperation of crack initiation Viscous flow/binder viscosity

Explosion elimination Volatility/loss of mass

Adapted from CEN/TC 336 WG1 TG 5.

4 From http://www.transportation.org/Pages/Organization.aspx, Copyright 2014, by the American Associ-

ation of State Highway and Transportation Officials, Washington, DC. Used by permission.
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1.4.2.1 The Strategic Highway Research Program and Superpave

The current specification for bituminous binders in the United States (US), Superpave,

was the result of a major research program funded by the Federal Highway Admin-

istration (FHWA), known as the Strategic Highway Research Program (SHRP).

SHRPwas a $150million project funded by theUSCongress to improve the highway

infrastructure of theUnited States. The bituminous binder part of the project amounted to

some $50million. SHRP led to the development of numerous new test methods and cul-

minated in thedevelopment of a novel typeofbinder specificationknown todayasSuper-

pave (AASHTO M320, ASTM D6373), the name of which derives from SUperior

PERforming asphalt PAVEments (Kennedy et al., 1994). The Superpave specification

differs from most other types of specifications in that the grade of binder to be selected

for a given application is determined directly from a combination of the climatic condi-

tions prevailing in a given area and the anticipated traffic levels.

A key part of the research was to determine the climatic conditions under which the

binder would need to perform; therefore, temperature maps for the entire US geo-

graphical area were developed. Weather data for some 6000 weather stations across

the United States were reviewed for a period of approximately 20 years, following

which the highest sustained temperature (hottest 7-day period) was identified for each

station. However, the climate data evaluated were air temperatures and not pavement

temperatures; therefore, a correction was required to convert the air temperature to a

pavement temperature. Furthermore, permanent deformation resulting from extended

periods of hot weather is the result of a softening of the surface layer, and therefore a

conversion was required to estimate the temperature of the pavement at a depth of

20 mm. This was conducted with corrections for heat flow, with energy balance

assuming typical values for solar absorption. More detail on the modeling carried

out can be found in report SHRP-A-410 (Kennedy et al., 1994). Following the model-

ing, this criterion became the high temperature limit for use in the specification.

The low service-temperature criterion was selected to be the lowest single temper-

ature experienced at the pavement surface. Once again, this temperature was derived

using a model that included parameters for air temperature, latitude, and the standard

deviation of the mean low air temperature.

The Superpave binder specification (ASTM D6373, AASHTOM320) differs from

most specifications insofar as it does not differentiate between different types of

binders, such as modified or unmodified. Instead, it provides an elevated service tem-

perature and a low service temperature “performance grade.” Users of the specifica-

tion must select the appropriate temperature range required for the region in which the

binder is to be used, and this is the basis for selection of the performance grade of the

binder. The performance grade can be increased if the anticipated traffic level is par-

ticularly high, using a technique known as “grade bumping.”

The Superpave binder specification does not discriminate between modified and

unmodified binders; instead, binders are selected on the upper and lower

performance-grade requirement.Thespecification isbasedonstiffnessof the agedbinder

for a specific combination of traffic loading and environmental conditions. Thus, binder

grades are specified primarily with respect to pavement temperatures, allowing a binder

to be selected for a specified design combination of high and low temperatures. The
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loading condition related to elevated service-temperature performance ismodeled to rep-

resent a vehicle speed of 100 km/h and a traffic volumeof less than107 equivalent single-

axle loads (ESALs).

The average 7-day maximum pavement-design temperature is the average of the

highest daily pavement temperatures for the 7 hottest consecutive days in a year.

The lowest annual pavement temperature is the single coldest temperature of the year.

The binder specification (ASTM D6373,5 AASHTO M3206) uses the designation

PG x� y

where PG, performance graded; x, high pavement-design temperature; and y, low
pavement-design temperature.

Details on the test methods used to determine the PG grading are provided later in

this chapter.

1.4.3 Bitumen Test Method Validation

In order to take a systematic approach to the development of new binder specifications

in Europe, the bitumen and asphalt industry made major efforts to define the “perfor-

mance-related” (P-R) requirements for paving binders. It is recognized that binder

properties alone do not determine pavement or even mixture performance; other

parameters, such as aggregate characteristics, mixture design, manufacture, and lay-

ing, are also considered important. A process was followed to ensure that, for the next

generation of standards, the performance relationships of a binder property are

assessed before a specification is developed. The Bitumen Test Validation (BiTVal)

project was developed to assist that process.

In 2004, the management of the FEHRL agreed that the first phase of the project

should proceed. Many FEHRL members from around Europe, who had to arrange

their own financing for the project, agreed to participate in phase 1, a literature study

analyzing information gathered from all sources. Additional work needed was to be

identified during this process. The BiTVal project was expected to:

l Deliver the appropriate answers for assessing the suitability of test methods for character-

izing the relevant performance of related bitumen properties.
l Establish their relevance and correlation to the asphalt pavement performance.
l Give the required level of confidence in the future European specification system.

The key outputs of phase 1 of the BiTVal project were a database covering publica-

tions of the identified bitumen properties and their relationship to asphalt properties

and/or road performance, and a FEHRL report (FEHRL, 2006) to CEN TC 336 WG1

summarizing the performance-related aspects for each test method, together with rec-

ommendations for their use in the next generation of standards.

Problems with funding meant that BiTVal phases 2 and 3 were never conducted.

5 ASTM D6373 Standard Specification for Performance-Graded Asphalt Binder.
6 AASHTO M320 Standard Specification for Performance-Graded Asphalt Binder.
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1.5 Test methods for use in binder specifications

Test methods are used to measure a specified property of binders. New test

methods are continually under development, but binder specifications are often

based on and evolve from historic, empirical test methods that have a track record

of proven performance. However, empirically based specifications may not pro-

vide an accurate reflection of performance for new or rheologically different clas-

ses of binders. For this reason, it is necessary to review specifications from time to

time and consider whether the existing test methods employed in the specifications

are still applicable.

Many paving bitumen specifications are predominantly focused on the measurement

ofmechanical properties at elevated, intermediate, and low service temperature.The vast

majority of bitumen that is manufactured is unmodified binder for asphalt paving appli-

cations.As such, this chapterwill covermainly those aspects of specifications relevant to

asphalt mixture performance. A good specification should address the predominant fail-

uremodes of asphalt pavements. As previouslymentioned, specifications typicallymea-

sure binder properties relating to predominant failure modes in service; these are

generally high temperature properties and low temperature properties. The properties

of the binder at “normal,” or intermediate, service conditions are also measured.

1.5.1 Elevated service-temperature test methods

Permanent deformation (rutting) is a phenomenon that results from nonrecoverable

deformation of the pavement. This is related to pavement stiffness, and also to the

rheological (flow) properties of the binder. Because bituminous binders become softer

with increasing temperature, the tendency to permanent deformation also increases

with increasing temperature. For this reason, the measurement of properties relating

to rutting are typically conducted at elevated temperature. Most product specifications

assess the tendency for permanent deformation using an elevated service temperature

property. As the name suggests, permanent deformation is a nonrecoverable, dissipa-

tive phenomenon, and relates to viscous or plastic flow within the binder.

Examples of commonly used test methods for determination of permanent defor-

mation include the following.

1.5.1.1 Ring-and-ball softening point (EN 1427, ASTM D36,
AASHTO T53)

The ring-and-ball softening point (SPt) test is a widely used method for the determi-

nation of the SPt of bitumen and bituminous binders, in the range of 30–150 °C. Two
horizontal disks of bituminous binder, cast in brass rings, are heated at a controlled

rate (5 °C/min) in a liquid bath while each supports a steel ball. The SPt is reported

as the mean of the temperatures at which the two discs soften enough to allow each

ball, enveloped in bituminous binder, to fall a distance of 25 mm. There is a significant

difference between the European and US test methods, in that the former method uses

a stirrer in the water bath, whereas the latter does not. This is reported to lead to a
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systematic difference between the results of the two methods: the ASTM International

method is believed to produce results that can be 1.5 °C higher than the EN apparatus,

although it is not known if this difference applies to polymer-modified binders.

Heukelom (1969) reported that for most (unmodified) bitumens, the SPt equated to

a needle penetration of approximately 800�0.1 mm2.

SPt is used in many specifications to provide information about the elevated tem-

perature performance of binders. However, the relevance of the SPt to indicate the

behavior of polymer-modified binders is questionable, and therefore, alternative test

methods for this property have been sought.

1.5.1.2 Dynamic viscosity using a capillary tube (EN 12596,
ASTM D 2171, AS 2341.2)

A number of national specifications use dynamic viscosity as the elevated service-

temperature parameter. The determination of dynamic viscosity by vacuum capillary

of bituminous binders at 60 °C, in the range from 0.0036 to 580,000 Pa s, is usually

used to determine viscosity of unmodified bitumen at 60 °C.
There is evidence thatpermanentdeformation relates to some typeofviscosity, asboth

processes are dissipative.However, although some relationships have been identified for

unmodified bitumens (Prowell, 2001), no formal correlations are available due to a lack

of data. However, the BiTVal final report noted that the dynamic viscosity at 60 °Cmea-

sured with the capillary viscometer test to the Australian standard AS 2341.027 was cor-

related with other binder properties for multigrade binders (Alexander et al., 2000).

A good correlation is reported withG*/sin d at a frequency of 10 rad/s and 60 °C before

and after rolling thin-filmoven (RTFO)-aging. The correlationof dynamic viscositywith

the ring-and-ball SPt was good after RTFO-aging, but not before.

No relationships have been demonstrated for polymer-modified bitumens using

dynamic viscosity measured with a Brookfield viscometer (Khattak and Baladi, 2001).

1.5.1.3 G*/sin d (inverse of the loss compliance) (ASTM D7175,
AASHTO T315)

This rheological parameter was developed as a product of SHRP and is included in the

Superpave binder specification as the elevated service-temperature property.8 The

property is measured using a DSR operated in oscillatory mode under specified tem-

perature and frequency conditions. The value is derived as a function of the complex

shear modulus (G*) divided by the sine of the phase lag (phase angle), d. Increased
values of this parameter lead to a reduced tendency to permanent deformation.

7 Standards Australia Limited. Methods of testing bitumen and related road making products, Part 2:

Determination of dynamic (coefficient of shear) viscosity by flow through a capillary tube.

AS 2341.02. Standards Australia Limited, Sydney.
8 AASHTO T315-09, Standard method of test for determining the rheological properties of asphalt binder

using a dynamic shear rheometer (DSR).
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The measured property is related to the viscous component of the binder, as mea-

sured by the sine of the phase lag, but also takes into account the binder stiffness by

including the complex shear modulus.

G*/sin d has been shown to correlate well with the tendency for permanent defor-

mation in unmodified bitumens. However, for binders that contain significant

amounts of polymers and some other modified binders, this parameter works less well

(Carswell and Green, 2000; Chabert et al., 1999; Claxton et al., 1996; Proteau and

Yvan, 2001). This is believed to be because modified binders exhibit nonlinear rhe-

ological behavior; in other words, an increase in the applied stress is not reflected by

the resultant strain in a proportional manner.

For this reason, the Superpave binder expert task group (ETG) sought to identify an

alternative property for the measurement of elevated service-temperature properties.

The multiple stress creep recovery test (MSCRT) is proposed as a replacement for

G*/sin d in the Superpave specification.

1.5.1.4 Multiple stress creep recovery test (prEN 16659,
ASTM D7405, AASHTO TP70)

TheMSCRT is tested using a DSR in creep mode at a specified temperature. The mea-

surement involves applying a consecutive series of static loads, followed by a period

of recovery to a binder sample; the test method measures the nonrecoverable creep

compliance. Stress sensitivity of the binder is measured by applying different stress

levels: the test starts with the application of a low stress (0.1 kPa) for 10 creep/recov-

ery cycles, and then the stress in increased to 3.2 kPa and repeated for an additional 10

cycles. The result of the test provides the percentage of recoverable and nonrecover-

able creep compliance of bitumen and bituminous binders. The nonrecoverable creep

compliance at multiple stress levels is intended as an indicator for the sensitivity to

permanent deformation and stress dependence of bituminous binders. The stress appli-

cation and typical resultant strain are shown in Figure 1.2.

The result of the testing is calculated using the relationship shown in Figure 1.3.

Unmodified binders do not exhibit significant stress/strain sensitivity under mod-

erate conditions of stress/strain, nor do they exhibit significant recovery under creep

conditions; therefore, MSCRT testing is not required for the testing of unmodified

binders. However, it does show promise as a performance indicator for modified

binders, and is being implemented into the Superpave binder specification and is

likely to be used in European binder standards for polymer-modified binders.

1.5.1.5 Other test methods

A number of other tests have been considered as indicators for permanent deforma-

tion, but have not been implemented in specifications for various reasons, including

practicality, or because they did not predict behavior better than existing tests. These

include zero shear viscosity (CEN TS 15325) (Phillips and Robertus, 1996), low shear

viscosity (CEN TS 15324), and coaxial cylinder viscosity test (EN 13702-2).9 At the

9 Bitumen and bituminous binders—determination of dynamic viscosity of modified bitumen—part 2:

Coaxial cylinders method. EN 13702-2: 2003.
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time of writing, these tests are not being implemented into binder specifications due to

the tests not correlating well for all types of binders, or being impractical because of

the time taken to conduct the tests.

1.5.2 Low service-temperature properties

Bituminous binders become stiffer as the temperature is reduced. While this would

lead to higher mixture stiffness, which would ordinarily be a positive factor in respect

to load-bearing capacity, the ability of the binder to dissipate stress diminishes as

the temperature reaches the glass transition temperature. Low temperature properties

are therefore associated with a cracking tendency. Bituminous binders also become

stiffer as they react with atmospheric oxygen, and therefore, tests to measure low
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service-temperature properties are often conducted on binders that have been sub-

jected to an aging or conditioning procedure.

Examples of binder tests used in specifications for low temperature cracking

include the following.

1.5.2.1 Fraass breaking point (EN 12593)

The Fraass breaking point is used as the low service-temperature property in European

specifications. It is tested on fresh binders, as there is no long-term aging (LTA)/con-

ditioning step in the specifications at the time of writing. A sample of bituminous

binder is applied to a metal plate at an even thickness. This plate is submitted to a

constant cooling rate and flexed repeatedly until the binder layer breaks; the temper-

ature at which the first crack appears is reported as the Fraass breaking point.

1.5.2.2 The bending beam rheometer test (Bahia et al., 1991)
(EN 14771, ASTM D6816, AASHTO T313)

The bending beam rheometer (BBR) test applies a static stress to a beam of bitumen

and measures the strain rate to derive the stiffness of the beam. The BBR test is con-

ducted on binder that has been subjected to both short-term aging (STA) and LTA/

conditioning. The test criterion is generally taken as the temperature at which the stiff-

ness of the binder is 300 MPa. The BBR test is used in the Superpave specification as

the low service-temperature criterion. An additional test criterion is the “m-value”:

this value is the tangent of the creep curve at 60 s load time, and was selected to pro-

vide an indication of the ability of a binder to dissipate stresses or relax. Although the

BBR test does not involve failure of the binder, the properties measured have been

correlated with asphalt failure tests, such as the thermal stress restrained specimen test

(TSRST) (Hesp et al., 2000; Lecomte et al., 2000; Lu et al., 2003).

1.5.2.3 Fracture toughness (CEN TS 15963)

The fracture toughness test for bituminous binders is currently under evaluation in

Europe as a candidate low service-temperature test, but has not yet been developed

into a harmonized standard (Chailleux et al., 2012). It is based upon ASTM E399

(standard test method for linear-elastic plane-strain fracture toughness (KIC) of metal-

lic materials) and ISO 13586 (plastics—determination of fracture toughness (GIC and

KIC)—linear-elastic fracture mechanics (LEFM) approach).

In the test, a three-point monotonic bending stress is applied to a notched beam of

binder at low temperature until the beam fractures. The binder fracture toughness

(KIC) and fracture energy (GIC) are measured.

1.5.3 Fatigue testing

Fatigue of asphalt mixtures is an important failure mechanism in the later life of the

pavement. Fatigue is the term given to the reduction of stiffness of the asphalt mixture

following repeated loading by traffic. Fatigue of mixtures is believed to be due to the
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formation of microcracks in the binder or mortar of the mixture. This is supported by

the fact that rest periods during fatigue testing appear to improve the fatigue life of

mixtures, which is believed to be due to the healing of the microcracks. Therefore,

it is unsurprising that testing of the binder alone is found to be unreliable (Boussad

and Dony, 1996; Paez et al., 1999).

Typically, fatigue cracking is associated with aged binder, and therefore, testing for

this property is generally conducted on binder or mixtures that have been subjected to

an aging or conditioning procedure.

There are not very many standardized test methods for determination of the fatigue

properties of bituminous binders, and the methods available are not universally agreed

to measure this property accurately. Nevertheless, the following methods have been

developed, some of which are in use in specifications today, while others are proposed

as candidate test methods.

1.5.3.1 The loss modulus; G*/sin d (ASTM D7175, AASHTO T315)

The loss modulus forms part of the Superpave binder specification and is based on the

concept that part of the dissipated energy is spent in generating microscopic damage

(cracks) that eventually leads to fatigue (Bahia et al., 2001). In Superpave, the fatigue

parameter is tested on pressure aging vessel (PAV)-aged binder at a relatively low

temperature, and a maximum value (5000 kPa) is set as the failure criterion.

1.5.3.2 RILEM binder fatigue method

The International Union of Laboratories and Experts in Construction Materials,

Systems and Structures (RILEM)10 is evaluating two possible methods for examining

binder fatigue, using the DSR and a tension/compression tester.

In the DSRmethod, a sinusoidal stress is applied to a binder sample and the change

in the complex shear modulus (G*) is measured. After a period of time, the complex

shear modulus starts to drop, and ultimately, if stress continues to be applied, the sam-

ple fractures. The test method is undergoing evaluation at the time of writing, but ini-

tial conclusions from round-robin testing suggest that although the test ranks binders

in a similar way to fatigue tests carried out on asphalt mixtures, the test is difficult to

perform, and the gain in testing time against mixture testing is limited. Furthermore,

the deformation in the sample is different from that experienced by the binders in a

mixture, and a suitable failure criterion has yet to be established for this test method.

The second method under evaluation exposes a ligament of binder to tensile and

compressive strain in a controlled strain mode. Complex shear modulus and phase

angle are measured during the test, and the test concludes when the binder sample

fractures. The test appears to rank binders in a similar fashion to asphalt mixture test-

ing in controlled strain fatigue tests, but at present, the results only demonstrate a

trend, and results are not sufficiently strong to provide a correlation to mixture testing.

10 www.rilem.org.
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This is likely due to the complexity of trying to predict such a complex phenomenon

using only one component of a mixture.

1.5.3.3 The linear amplitude sweep test (AASHTO TP101)

The linear amplitude sweep test (LAST) uses a DSR to assess the fatigue behavior of

bituminous binders by the application of systematically increasing load amplitudes

under cyclic loading. The binder is subjected to a frequency sweep to determine a

damage analysis parameter (a). A second test is then conducted in oscillatory shear,

in strain-controlled mode, at a frequency of 10 Hz. Strain is increased linearly from

0.1% to 30% over the course of 3100 cycles of loading, for a total test time of 310 s.

Peak shear strain and peak shear stress are recorded every 10 load cycles (1 s), along

with phase angle [jG*j, degrees] and complex shear modulus [jG*j, Pa].
The fatigue behavior is calculated using a viscoelastic continuum damage

(VECD) model.

At the time of writing, the LAST is not currently used in specifications, but is

undergoing robustness testing to identify the precision of the test method.

1.5.4 Intermediate service temperature

Testing of binders at intermediate temperatures is used to provide information useful

to mixture and pavement designers on the properties of the binder at average service

conditions.

1.5.4.1 Needle penetration (EN 1426, ASTM D5, AASHTO T049)

The penetration value of a binder is determined as the depth, in 1/10ths of a millimeter,

to which a standard needle penetrates in a given time. The test conditions generally

used for determination of this value are 100 g, 5 s, and 25 °C.
Needle penetration has been used for decades to determine the stiffness of bitumi-

nous binders at intermediate temperature. For unmodified bitumens, the penetration

test correlates well with the stiffness of the bitumen measured, using the DSR, at

the same temperature (25 °C) and at a frequency of 0.4 Hz. In rheological terms, a

good correlation has been identified between the logarithm of the complex shear mod-

ulus (G*) and the logarithm of the penetration value (Gershkoff, 1995).

1.5.4.2 Complex shear modulus (G*) (EN 14770, ASTM D7175,
AASHTO T315)

The European standard for the DSR test describes a procedure for the determination of

the complex shear modulus and phase angle using a DSR. The test is performed in

oscillatory shear, in stress or in strain-controlled mode, over a range of temperatures

and frequencies. The rheometer is fitted with parallel plates, with a constant gap. Tem-

perature control encompasses both plates. Parallel plates with a diameter between

8 and 25 mm and gap settings from 0.5 to 2.0 mm are recommended.

16 Advances in Asphalt Materials



1.5.5 Temperature sensitivity

Although current specifications generally test the performance of the binder at ele-

vated, intermediate, and low service temperatures, some specification systems eval-

uate the change in properties with temperature.

1.5.5.1 Penetration index (Pen/Pen, Pen/SPt)

The penetration index (PI) (Pfeiffer and van Doormaal, 1936) is a measure of the tem-

perature susceptibility of a bitumen that can be derived mathematically, either from

the penetration values at two temperatures or from the standard penetration and SPt

values, as given in the following equations.

PI¼ log pen@T1ð Þ� log pen@T2ð Þ
T1�T2

PI¼ 1950�500log penð Þ�20SP

50log penð Þ�SP�120

In the above example, the SPt is based on ASTM D36, which is an unstirred method.

It is generally accepted that the European test method (EN 1427) provides results

approximately 1.5 °C lower than the ASTM International method.

The values of PI for unmodified bitumens range from around �3 for highly

temperature-susceptible bitumens to around +7 for highly oxidized bitumens with

low temperature susceptibility. For paving-grade bitumens used for highways, the typ-

ical range is�1.5 to +1.0. Due to the different rheological nature of polymer-modified

bitumens, the PI is meaningless for such binders.

1.5.6 Binder aging and conditioning regimes

Bitumen properties change over the lifetime of the pavement due to the combined

action of heat during the manufacturing process, evaporation of volatile components

within the bitumen, and reactions with atmospheric oxygen. The effect of these factors

is that the physical properties of the bitumen change, generally leading to a hardening

of the product. At a certain moment, the properties will change to the point where the

pavement is unable to accommodate the stresses placed upon it, and a failurewill occur.

This phenomenon of hardening over time is known as aging. Aging of the binder in the

pavement is a slow process, and there is a need for a laboratory aging and conditioning

procedure. Several methods have been developed to simulate the aging process and

provide a sample of aged binder that can be tested within a reasonable time period.

The reaction kinetics and thermodynamics of bitumen aging are complex and

change with temperature (Claine Petersen, 2009; Choquet and Verhasselt, 1993);

therefore, any conditioning procedures used should ideally provide a reasonable

approximation to the type and degree of aging that can be expected in the field

(Pfeiffer and van Doormaal, 1936; van Gooswilligen et al., 1985).
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Asphalt mixtures are generally produced at high temperatures, typically in the

region of 150 °C (NAPA & EAPA, 2011). During the mixing, handling, and applica-

tion stage of the asphalt mixture, a degree of aging occurs; therefore, the properties of

the binder will change from the fresh condition to the point where the asphalt is placed

into the pavement. Various aging and conditioning regimes are standardized for use in

specifications, and are intended to be used to simulate STA and LTA, respectively.

A review of the aging/conditioning methods used in Europe was conducted recently

as part of the CEN TC 336 activity (Besamusca et al., 2012a).

1.5.6.1 The rolling thin-film oven test (EN 12607-1, ASTM D 2872,
AASHTO T240)

The rolling thin-film oven test (RTFOT) is one of the most commonly used standard-

ized tests to simulate the STA of binders. This test is used to measure the combined

effects of heat and air on a thin film of bitumen or bituminous binder in permanent

renewal. It aims to simulate the hardening that a bituminous binder undergoes during

the mixing, transporting, and compacting processes, referred to as STA.

Amoving film of bituminous binder is heated in an oven to a specified temperature,

for a given period of time, with a constant supply of air.

The effects of heat and air are determined on the basis of the change in mass

(expressed as a percentage) or the change in the bituminous binder’s characteristics

before and after the period in the oven.

The RTFOT is used as the conditioning regime in many binder specifications to

provide a sample of binder representing the “as laid” properties. The standardized test

conditions differ in different standards, but are typically 163 °C (325 °F) for 75 min

(EN 12607-1) or 85 min (ASTM D2872, AASHTO T240). During the test, the binder

sample may lose material due to evaporation of the lighter components, and may gain

weight due to reaction with atmospheric oxygen; therefore, the test method reports a

change in mass of the sample, rather than a gain or loss of mass. In some cases, par-

ticularly where highly polymer-modified bitumens are used, problems have been

reported where the binder “climbs” out of the glass bottles used in the test. Moreover,

different grades of bitumen have different viscosities at a given temperature and,

because the RTFOT is conducted at a constant temperature, the film thickness of

the bitumen in the flask will differ for different bitumens. This has led to the devel-

opment of modified versions of the test, including the modified RTFOT (M-RTFOT).

The test is identical to the standard RTFOT, except that a set of steel rods is posi-

tioned inside the glass bottles during oven aging. The principle is that the steel rods

create shearing forces to spread the binder into thin films, thereby overcoming the

problem of aging high-viscosity binders. Initial trials of the M-RTFOT indicate that

the rods do not have any significant effect on the aging of conventional penetration-

grade bitumens. However, research work (Airey, 2002) has indicated that using the

metal rods in the M-RTFOT does not always solve the problem of rollout of modified

binder, and further validation work is required before the technique can be used in

binder specifications.
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With the increasing use of warm mix asphalt, where the asphalt is manufactured at

a lower temperature than usual, the relevance of RTFOT conducted at 163 °C has been

questioned. Further research is needed to ascertain whether the degree of aging is

accurately represented for such materials by the current standardized test conditions.

1.5.6.2 Thin-film oven test (EN 12607-2, ASTM D1754,
AASHTO T179)

Another test to simulate the STA of binders is the TFOT. In the TFOT, a 50-ml sample

of bitumen is placed in a flat 140 mm diameter container, resulting in a film thickness

of 3.2 mm. Two or more of these containers are then positioned on a shelf, rotating at

5–6 rpm in an oven for 5 h at 163 °C. The TFOT was adopted by AASHTO in 1959

and by ASTM in 1969 (ASTMD1754) as a means of evaluating the hardening of bitu-

men during plant mixing. However, a potential problem with the TFOT is that the

thick binder film results in relatively small surface-area-to-volume ratio of the binder.

There is a concern that aging (primarily volatile loss) may be limited because the bitu-

men is not agitated or rotated during the test. Furthermore, some binders, particularly

polymer-modified binders, can separate during the test, leading to problems with sam-

ple homogeneity during testing of the aged material.

1.5.6.3 Rotating cylinder aging test (EN 15323)

Rotating cylinder aging test (RCAT) is a device for aging/conditioning bituminous

binders (Verhasselt, 2002). Simulation of STA and/or LTA of paving-grade or mod-

ified bitumen or of mastics (binder+filler) can be performed using the same piece of

equipment.

The RCAT comprises a closed testing cylinder with a central opening that allows

sampling of small portions at predetermined exposure times. During the conditioning,

the opening is fitted with a Teflon plug, through which a stainless steel tube feeds the

cylinder with a constant flow of oxygen (LTA) or air (STA). For temperature calibra-

tion purposes, a thermocouple can be fixed onto the tube. During the conditioning, the

testing cylinder rotates at 1 revs/min (LTA) or 5 revs/min (STA) on two round drive

bars in a ventilated oven. A grooved solid stainless steel roller is also introduced inside

the rotating cylinder to distribute the binder in the cylinder into an even film against

the inner wall of the cylinder. The conditioning procedure uses air at a temperature of

163 °C for 235 min; the LTA procedure uses oxygen at a temperature of 90 °C for

140 h. The STA procedure gives results that are comparable with the RTFOT.

Although the RCAT is not currently used in specifications, the unique aspect of this

equipment is that both STA and LTA conditioning can be conducted in the same piece

of equipment. Furthermore, the single stainless steel drum enables relatively large

quantities of binder (525–550 g) to be prepared, which minimizes losses when trans-

ferring the conditioned binder into the test equipment. Safety concerns have been

expressed over the use of pure oxygen in the LTA procedure, leading to the possibility

of fire, but no incidents have been reported.
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1.5.6.4 The pressure aging vessel (EN 14769, ASTM D6521,
AASHTO R28)

The PAV was developed as part of the SHRP project to simulate long-term, in-service

oxidative aging of bitumen in the field. The procedure is carried out using bitumen that

has already been subjected to STA, either by RTFOT or TFOT, followed by oxidation

of the residue in a pressurized aging vessel. In the Superpave specification, the PAV

procedure entails aging bitumen in 140 mm diameter steel trays (such as those used in

the TFOT) within a heated vessel, pressurized with air to 2.07 MPa for 20 h at tem-

peratures between 90 and 110 °C. The PAV has space for 10 trays, each holding 50 g

of binder; therefore, the method can prepare relatively large quantities of binder. Other

conditions have been used, such as reducing the temperature to 85 °C for 65 h in the

United Kingdom, where the test is known as PAV85 or the high-pressure aging test

(HiPAT) (Energy Institute, 2003).

The PAV is widely used to prepare binders for testing in the LTA state. However,

there have been a number of criticisms about the method on the basis that the aging

mechanism of the binder might not be fully representative of that which occurs in

practice, due to the high pressures used during the procedure, which preclude any

evaporative aging; the static nature of the procedure, which may permit separation

of some polymer-modified binders; and the high temperature at which the aging is

conducted, which might change the chemistry of the oxidation processes in compar-

ison with aging at a lower temperature.

Comparisons between PAV aging and RCAT aging were conducted (Airey, 2002),

and suggested that the results are broadly comparable. However, the results were

dependent upon the duration and temperature of the conditioning.

1.5.7 Adhesion testing

It is generally accepted that adhesion is the property that characterizes the bond

between two materials. In the case of asphalt mixtures, this is considered to be the

interaction of the binder and the aggregate material and filler.

It is obvious that adhesion between the components of an asphalt mixture is impor-

tant. However, the measurement of this property is difficult in practice. Most tests are

directed toward measuring a lack of adhesion, or stripping, because adhesive failure is

directly related to pavement distress or in situ damage (e.g., raveling). In the context of

asphalt mixtures, one of themore important aspects of adhesion is the presence of water.

Therefore, the susceptibility to moisture or the resistance toward debonding is consid-

ered a good indirect indicator of the power of a binder to adhere to aggregates. In this

context, it is frequently referred to as a stripping phenomenon. This idea has already

been taken up in standards EN 12697-1111 and EN 13697-12,12 which deal with the

11 EN 12697-11; Bituminous mixtures. Test methods for hot mix asphalt—part 11. Determination of the

affinity between aggregate and bitumen.
12 EN 12697-12; Bituminous mixtures. Test methods for hot mix asphalt. Determination of the water sen-

sitivity of bituminous specimens.
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assessment of the adhesionwithin asphalt mixtures. Rather than a directmeasurement of

a property, most test methods addressing adhesion report a ratio of a given mechanical

property, for example mixture stiffness, before and after immersion in water.

Asphalt mixtures are composite mixtures, containing aggregates (which are them-

selves heterogeneous), sand, filler, and perhaps also modifiers. As such, adhesion

within an asphalt mixture is extremely complex, and interpretation of results is made

difficult by this complexity. In mixture tests, there is the added complication of trying

to separate the adhesive contribution from the cohesive, that is, bitumen–bitumen,

bond strength. However, because adhesion is an interfacial property, test procedures

generally consider both the binder and the aggregate.

Many different test methods have been developed purporting to measure adhesion,

but in a study conducted by members of CEN TC 227 WG1 and CEN TC 336 WG1

(Besamusca et al., 2012b), a series of six binders was tested, using nine readily avail-

able test methods purporting to measure adhesion. The study concluded that there was

no easy-to-use test method available that could characterize the adhesion or stickiness

of bitumen, and it was unlikely that one would emerge in the near future. The candi-

date tests evaluated did not measure binder adhesion, but in some cases measured

moisture sensitivity of mixtures or temperature dependence.

Many of the tests purporting to measure adhesion in fact assess the kinetic aspects

of disbonding, that is, how quickly the binder might strip from the aggregate surface,

rather than the fundamental adhesion of the components. While this property is infor-

mative for identifying the mixture moisture sensitivity and when it may fail, it is

important to understand that it is different from adhesion of bitumen to aggregate.

At this time, tests that do measure properties related to adhesion, such as surface

energy, are not suitable for inclusion in a specification, as they are either too complex

and time consuming or require expensive and sensitive test equipment.

A number of tests have been standardized that are capable ofmeasuringmoisture sen-

sitivity of binder/aggregate combinations, or mixtures. Some of these are listed below:

l Rolling bottle test and boiling-water stripping method; EN 12697-11, bituminous mixtures.

Test methods for hot mix asphalt. Determination of the affinity between aggregate and

bitumen.
l Boiling-water stripping test; ASTM D3625, standard practice for effect of water on bitumi-

nous coated aggregate using boiling water.
l Indirect tensile stiffness on saturated specimens; EN 12697-12, bituminous mixtures. Test

methods for hot mix asphalt. Determination of thewater sensitivity of bituminous specimens.
l Immersion–compression test; ASTM D1075, AASHTO T165, standard test method for

effect of water on compressive strength of compacted bituminous mixtures.
l AASHTO T283, standard method of test for resistance of compacted asphalt mixtures to

moisture-induced damage.

1.6 Precision of test methods

Specifications are used as the basis for many commercial transactions; it is therefore

important to understand the reliability of a given test result. If different operators or
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different laboratories are testing the same product, it is clearly desirable that they

achieve the same test results. The first step in ensuring that this occurs is to ensure

that test methods are standardized and that operators have been trained in conducting

the tests. Harmonized test methods generally contain a section on the precision that

can be expected when conducting the test in accordance with the standard. This is gen-

erally given as a statement of repeatability and reproducibility. The precision of a

measurement system, related to repeatability and reproducibility, is the degree to

which repeated measurements under unchanged conditions show the same results.13

The repeatability of a test method is defined as the single operator precision, or the

closeness of results that is obtained when one individual tests the same product under

the same conditions. It is referred to in EN standards as “r.” The reproducibility of a

given test method is the degree of agreement between measurements or observations

conducted on replicate specimens in different locations by different people, or multi-

operator precision, referred to in EN test methods as “R.” In general, the reproducibil-

ity is a larger value than the repeatability because of the increased variables associated

with different operators using different equipment. The precision of a given test

method is generally determined by round-robin testing of binders.

Due to the potential for multiple operators to obtain different results, specifications

should take into account the precision of a given test method when setting the limits for

grade boundaries. According to EN ISO 4259,14 the value chosen for a specification

limit shall take into account the reproducibility of the test method adopted, as follows:

– For a double limit (A1 and A2), the specified range shall be not less than four times the

reproducibility R, that is, (A1–A2)�4R.

1.7 Future specifications: fundamental or empirical
binder testing?

Roads are engineering structures, and therefore the components of asphalt mixtures

used in roads and the pavement itself should be specified using engineering units

and principles. There is an inevitability that future specifications will use test methods

that provide results in engineering units. However, empirical specifications have been

developed over many decades to provide some road materials with a track record of

proven performance for unmodified binders. Empirical specifications still work well

for conventional, unmodified binders, and the relationship between properties and

performance is well understood, having been built up over a long period of time. How-

ever, such specifications have limitations when used for binders that have been mod-

ified or have different rheological performance to conventional materials. Therefore,

specifications that are designed to be “blind” to the binder type should measure prop-

erties that are directly related to their performance.

13 Joint Committee for Guides in Metrology 200:2008, International vocabulary of metrology—basic and

general concepts and associated terms (VIM), Bureau International des Poids et Mesures, www.bipm.org.
14 EN ISO 4259:2006 Petroleum products. Determination and application of precision data in relation to

methods of test.
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1.7.1 Performance-related specifications

Defining relationships between binder properties and field pavement performance is

technically challenging and, with our current understanding, cannot be conclusively

established. However, certain properties of bituminous binders are known to be

related to mixture properties, and therefore, test methods that relate to those prop-

erties can be considered as candidates for inclusion in a performance-related

specification.

The aim of performance-based standards is to measure/predict/declare the perfor-

mance of the binder, how the properties will change over time, and how the binder

properties will influence the performance of the asphalt mixture. A performance-

related bitumen standard does not guarantee the functional performance of the asphalt

mixture or the final pavement, as there are numerous other factors that can influence

performance. A performance test or a series of performance tests on bitumen, each

relating to a specific functional property, is needed to predict the important character-

istics according to the essential requirements outlined in the specification.

A major problem that has held back the development of truly functional specifica-

tions is the complexity of behavior for bituminous binders. Because the properties are

both time and temperature dependent, the ability of a test method to adequately deter-

mine the behavior at a different loading time/temperature, or over a range of loading

times/temperatures, is limited.

The main criterion for developing future specifications should be to maintain the

confidence of all parties (i.e., binder producers, asphalt producers, road users, and

authorities) to permit the specification of bituminous materials that are suitable to con-

struct a high standard of road pavements.

1.7.2 Purchase specifications

Performance-related test methods and aging procedures may not necessarily be suitable

or practical to ensure the constancy of binder properties produced or supplied on a day-

to-day basis. Some of the more complex testing required for performance-related spec-

ifications might be too time consuming to conduct on a daily basis. For example, aging

procedures for simulation of LTAmight take several days to complete, which is imprac-

tical for routine production. Therefore, purchase or supply specificationsmight be based

upon simpler surrogate tests designed to demonstrate consistency of production.

1.7.3 The CEN data collection program

In 2006, CEN published TR15352,15 which reported on the work carried out to develop

the next generation of performance-related standards. The report recommended that

data be collected on a range of “new” test methods tomeasure binder properties relevant

to asphalt mixture properties. Data comparing properties measured using traditional and

new rheologically based test methods have been collected, and the outcome of that

15 CEN TR 15352: Bitumen and bituminous binders—development of performance-related specifications:

status report, 2005.
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process has been reviewed. Eurobitume, the European bitumen association, collated and

analyzed 146 data sets, the results of which were published in 2009.16

At the time of writing, paving-grade bitumens are specified in Europe using empir-

ical test methods, such as penetration and ring-and-ball SPt. The binder characteristics

in the paving bitumen specification relate to the performance of these binders in

asphalt mixtures, and the relationship between each property measured and asphalt

performance is well understood, having been developed over many years. The

CEN data collection database has been shown to provide good correlations between

the empirical properties specified in EN 12591 and other test results on fresh binder, as

well as on binders that have been subjected to both STA and LTA. Therefore, the main

binder properties can be considered to be adequately described using empirical test

methods, and new test methods should be considered only if they add information that

is not provided by the existing ones.

The behavior of polymer-modified binders and binders used in special applications

is more complex/specific than that of (unmodified) paving-grade bitumens. For these

binders, empirical test methods do not necessarily relate to performance of the asphalt

mixture in the sameway as for paving-grade bitumen. The CEN data collection project

showed that fundamental test methods can add extra information about the behavior of

the binder. Therefore, new test methods are necessary to determine properties relating

to performance for binders with complex rheology.

Specifications for these more complex/specific binders should be based on the

measurement of fundamental binder properties that have a demonstrable relationship

with asphalt properties. The CEN data collection project evaluated a number of can-

didate test methods to measure properties of binders used in Europe, and the devel-

opment of performance-related standards for complex binders should incorporate

the knowledge derived from the results.

1.8 Summary

Specifications offer a means of providing an agreed-upon set of properties that enable

the purchaser to select the product appropriate for a given use. However, a specifica-

tion does not, by itself, mean that the product specified is necessarily fit for a given

purpose. The end user of a product should consider the choice of available materials,

specify the correct one, and use it correctly.

Specifications should address the important characteristics of a product, and might

also include characteristics important for handling and application, as well as for safe

use. Properties of the product that relate to the important characteristics should be

measured using robust, relevant, and standardized test methods. Limits within spec-

ifications should be selected that take into account the precision of the test method and

that do not conflict with other elements of the specification.

16 Eurobitume TF Data Collection Position Paper on Test Methods used during the Data Collection, May

2009. Published by the EuropeanBitumenAssociation, ISBN2-930160-11-X,D/2009/7512/12,May 2009.
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Defining relationships between binder properties and field pavement performance

is technically challenging and, with our current understanding, cannot be conclusively

established. However, certain properties of bituminous binders are known to be

related to mixture properties; therefore, test methods that relate to those properties

can be used in specifications.

A satisfactory specification enables the measurement of the performance of the

binder and evaluates how the performance will change over time and how the binder

performance will influence the characteristics of the asphalt mixture. A specification

does not guarantee the functional performance of the asphalt mixture or the final pave-

ment. A specification provides a test value or a series of values for a binder, each relating

to a specific functional property that is needed to predict the important characteristics.

Many current specifications use empirically based test methods, that is, test methods

that have been developed using experience. More recently developed test methods pro-

vide measurements in functional engineering units, which can make them more attrac-

tive for use within specifications. Many empirical test methods also address properties

relating to performance, and the relationship to field performance is well understood.

The CEN data collection project (see Section 1.7.1) demonstrated good correlations

between empirical properties specified for unmodified bitumens and more recently

developed test methods. The use of empirically based test methods is therefore justified

for such binders, and new, fundamental specifications are not justified for suchmaterials

unless that added information is not otherwise addressed by the specification.

The material properties of polymer-modified binders are more complex than those

of unmodified binders, and empirically based test methods do not necessarily relate to

performance for these binders in the same way as for the more rheologically simple

unmodified binders. For these binders, fundamental test methods providing properties

in engineering units are justified, and newer test methods provide information that the

empirical test methods do not. Specifications for these more complex/specific binders

should be based on the measurement of fundamental binder properties that have a

demonstrable relationship with asphalt properties.

Because of the long product life cycle, specifications should include conditioning

regimes that address STA and/or LTA conditions when necessary, combined with test-

ing of properties that are likely to be performance-limiting on the aged material.

Acknowledgments

I would like to thank Eurobitume for providing me with support in my work on this

chapter. I would specifically like to thank the Technical Committee of Eurobitume for

their help and assistance in providing information and for taking the time to review

and comment on the chapter in its draft form.

References

Airey, G.D., 2002. Optimising the returns from long life roads. In: Durability Review. In:

Review of Durability Test Methods, vol. III. Scott Wilson Pavement Engineering Limited,

Nottingham.

A perspective of bituminous binder specifications 25

http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0010


Alexander, C.F., Budija, M., Cornelius, P.D.M., Parry, M.A., Stannard, P.G., 2000. Multigrade

binders—new high performance bitumens. In: 1st International Conference, World of

Asphalt Pavements, Sydney, Australia, February 20–24.

Bahia, H.U., Anderson, D.A., Christensen, D.W., 1991. The bending BeamRheometer: a simple

device for measuring low-temperature rheology of asphalt binders. J. Assoc. Asphalt Pav-

ing Tech. 61, 117–135, AAPT, Seattle.

Bahia, H.U., Zhai, H., Zeng, M., Hu, Y., Turner, P., 2001. Development of binder specification

parameters based on characterization of damage behaviour. J. Assoc. Asphalt Paving Tech.

70, 442–470. (AAPT, Seattle).

Besamusca, J., S€orensen, A., Southwell, C., 2012a. Addressing ageing characteristics of bitu-

minous binders in Europe. In: Proceedings of the 5th Eurasphalt & Eurobitume Congress,

Istanbul.

Besamusca, J., van Rooijen, R., Robertus, C., Beuving, E., 2012b. The search for simple tests to

assess the complex properties of adhesion and durability of adhesion. In: Proceedings of

the Eurasphalt & Eurobitume Congress.

Boussad, N., Dony, A., 1996. Polymer modified bitumen: relationship between binder and mix

rheology. In: Eurasphalt & Eurobitume Congress.

Carswell, J., Green, P.J., 2000. Prediction of rutting resistance in hot rolled asphalt using rhe-

ological parameters. In: 1st International Conference, World of Asphalt Pavements,

Sydney, Australia, February 20–24.

Chabert, D., Triquigneaux, J.-P., Vaniscote, J.-C., 1999. Rheology of elastomer binders and rut-

ting resistance of bituminous mixes. In: Performance Related Properties for Bituminous

Binders, Eurobitume Workshop, Luxemburg.

Chailleux, E., Le Guern, M., Farcas, F., Dreessen, S., 2012. Interpreting a three-point bending

test on pre-notched bitumen beam to determine cracking behavior at low temperature.

In: Proceedings of the 5th Eurasphalt & Eurobitume Congress, Istanbul.

Choquet, F., Verhasselt, F.A., 1993. Ageing of bitumen: from the road to the laboratory and vice

versa. In: Proceedings of the Conference on the SHRP and Traffic Safety on Two

Continents, The Hague, Netherlands, September 22–24.

Claine Petersen, J., 2009. In: A Review of the Fundamentals of Asphalt Oxidation Chemical,

Physicochemical, Physical Property, and Durability Relationships, Transportation

Research Circular E-C140, October.

Claxton, M., Lesage, J., Planque, L., 1996. When can bitumen rheological properties be used

successfully to predict asphalt mix performance? In: 1st Eurasphalt & Eurobitume Con-

gress, Strasburg.

Energy Institute, 2003. Assessment of the reproducibility of a long term ageing test for bitumi-

nous binders. Report No. STE-01/2004, Scott Wilson Pavement Engineering Ltd.

Federal Highways Administration, 2011. The Multiple Stress Creep Recovery (MSCR) Proce-

dure, April. FHWA-HIF-11-038.

FEHRL, 2006. BitVal—analysis of available data for validation of bitumen tests. Report on

Phase 1 of the BiTVal Project, http://bitval.fehrl.org/.

Gershkoff, D., 1995. Polymer modified bitumens—performance in empirical and rheological

tests. In: First European Workshop on the Rheology of Bituminous Binders, April,

Paper 34.

Hesp, S.A.M., Terlouw, T., Vonk, W.C., 2000. Low Temperature Performance of SBS-

Modified Asphalt Mixes. Association of Asphalt Paving Technologists, Reno.

Heukelom, W., 1969. A bitumen test data chart for showing the effect of temperature on the

mechanical behaviour of asphaltic bitumens. J. Inst. Pet. Technol. 55, 404–417.

26 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0040
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0040
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0060
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0060
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0060
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0070
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0070
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0070
http://bitval.fehrl.org/
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0075
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0075
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0075
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0080
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0080
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0085
http://refhub.elsevier.com/B978-0-08-100269-8.00001-5/rf0085


Kennedy, T., Huber, G., Harrigan, E., Cominsky, R., Hughes, C., Von Quintus, H., Moulthrop,

J., 1994. Superior performing asphalt pavements, (Superpave), The Product of the SHRP

Asphalt Research Program, Report SHRP-A-410.

Khattak, M.J., Baladi, G.Y., 2001. Fatigue and permanent deformation models for polymer-

modified asphalt mixtures. In: 80th Annual Meeting. Transportation Research Board,

Washington.

Lecomte, M.J., Durand, G., Robert, M., Phillips, M.C., 2000. Examination of the capability of

SUPERPAVE tests to predict the low-temperature performance of polymer modified

binders. In: 2nd Eurobitume & Eurasphalt Congress, Barcelona.

Lu, X., Isacsson, U., Ekblad, J., 2003. Influence of polymer modification on low temperature

behaviour of bituminous binders and mixtures. In: 6th International RILEM Symposium.

NAPA & EAPA, 2011. Production, Use, Properties, and Occupational Exposure Reduction

Technologies and Trends, second ed. NAPA & EAPA, The Asphalt Paving Industry: A

Global Perspective. ISBN 0-914313-06-1.

Paez, D.A., Sanchez, C.J., Unzueta, E.E., Juarez, A.F., 1999. Relationships between rheology

of mix and binder. In: Application to High Modulus Mixes Eurobitume Workshop 99—

Performance Related Properties for Bituminous Binders, Paper No. 097.

Pfeiffer, J.P., van Doormaal, P.M., 1936. The rheological properties of asphaltic bitumens.

J. Inst. Pet. Technol. 22, 414–440.

Phillips, M., Robertus, C., 1996. Binder rheology and asphaltic pavement permanent deforma-

tion; the zero-shear viscosity. In: Proceedings of the 1st Eurasphalt & Eurobitume

Congress, Paper 5.134.

Proteau, M., Yvan, P., 2001. Contribution de différents bitumes purs et bitumes modifies par
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2.1 Introduction

Most asphalts of commerce are products of the refining of crude oils. The properties of

these asphalts are determined by the chemical composition of their parent crude oils

and the methods used to refine them.

It is important to be able to predict the performance behavior of asphalts derived

from the wide variety of crude oils available to refiners. In order to do this, a number of

tests have been in use over the years. Many of these tests measure global chemical and

physical properties of whole asphalts. Examples of global chemical analyses are

elemental composition—carbon, hydrogen, nitrogen, oxygen, and sulfur contents;

functional group analysis by infrared (IR) spectroscopy; acidity and basicity by poten-

tiometric titration; and nuclear magnetic resonance (NMR) measurement of carbon

and hydrogen type. The information obtained from these tests contributes to the under-

standing of the nature of asphalts. However, the important physical properties that

determine pavement performance appear to depend on more subtle variables than

those mentioned above. Therefore, in order to gain a better understanding of the rela-

tionship of chemical compositional factors to performance-related physical properties

of asphalts, it was found to be necessary to separate asphalts into fractions and study

the influence of the various fractions on properties of interest.

The objective of this chapter is to provide historical background to some of the

separation methods that have been used in the study of asphalts and the influence

of some of these methods on the development of a model of asphalt microstructure.

2.2 Separations of asphalts based on solvent
precipitation and extraction

2.2.1 Precipitation of asphaltenes

One of the simplest separations applied to asphalts is the precipitation of asphaltenes.

Asphaltenes are that portion of an asphalt that is insoluble in low molecular weight

(MW)-saturated alkanes. Asphaltenes are black, friable solids. The solvents used to

precipitate asphaltenes usually are straight-chain alkanes ranging in carbon number

from 3 (propane) to 10 (n-decane). The branched-chain alkane iso-octane also may

be used. In most investigations, n-pentane and n-heptane are the precipitants.
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The yield of asphaltenes is a function of the precipitant (Girdler, 1965). Yields decrease

with increasing chain length of the alkane used. This is because the solubility parameters

(ameasure of solvent power) of alkanes increase frompropane to n-decane. Asphaltenes
are more aromatic than their parent asphalts and contain higher concentrations of

nitrogen, oxygen, and sulfur. Therefore, asphaltenes are more polar than their parent

asphalts.

Typical asphaltene yields (mass %) of neat asphalts using n-heptane as solvent

range from 4% to 25%. Yields are higher for oxidatively aged asphalts. In addition

to the precipitating solvent selected, asphaltene yields are a function of experimental

variables. These variables include the amount of solvent used for each gram of asphalt,

temperature, contact time, and the method used to wash the precipitated asphaltenes.

Speight (1987) recommends 40 mL solvent per gram of asphalt. After asphaltenes are

precipitated, they are collected by filtration. Solvent is removed from filtrates by dis-

tillation. The residue from this process is known as maltenes, petrolenes, or deasphal-

tened oils. Some volatile materials indigenous to asphalts are lost in the maltene

recovery process. For this reason, solvents with higher boiling points than n-heptane
are not commonly employed.

The asphaltene content of an asphalt provides important information about the

nature of an asphalt. Asphalts with high asphaltene contents almost always are high

in sulfur content and may be expected to readily undergo oxidative age hardening.

Asphaltenes are the viscosity-building component of asphalts, although it is not nec-

essarily true that asphaltene content will correlate directly with viscosity when various

asphalts are compared.

Asphaltene contents provide a basis for classification of asphalts into sol-or-gel

types. An asphalt high in asphaltene content will have properties characteristic of

gel-type asphalts. Among these properties are high degree of complex flow, relatively

low change of viscosity with temperature, low ductility, and susceptibility to oxidative

age hardening (Traxler, 1961). Asphalts with low asphaltene contents will have prop-

erties characteristic of sol-type asphalts. Such asphalts are frequently observed to

yield “tender” pavements. Sol-type asphalts are ductile, have low degrees of complex

flow, and exhibit large changes of viscosity with temperature. Asphalts with interme-

diate asphaltene contents will have properties intermediate between the extremes of

sol- and gel-type behavior.

The sol–gel description of asphalt structure views asphalts as dispersions of asphal-

tenes in a maltene solvent phase. Based on this simple model, relative viscosities of

asphalts may be calculated by measuring viscosities of an asphalt and its maltene frac-

tion under identical conditions. The relative viscosity (�rel) of an asphalt is a number

obtained by dividing the viscosity of the asphalt by that of its maltene fraction. For sol-

type asphalts, �rel values are fairly low. For gel-type asphalts, �rel values are high.

Thus, the simple fractionation of an asphalt into two fractions provides important

information about an asphalt that is not obtained from global properties.

Heithaus (1962) developed a method that distinguishes between sol- and gel-type

asphalts. Although it is not strictly a separation method, it is based on the flocculation

behavior of asphaltenes. In the Heithaus procedure, several solutions of asphalts

in toluene of varying concentrations are prepared. A precipitating solvent, such as
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n-heptane, is then added to each of the solutions until flocculation is observed. The

amount of n-heptane required will vary depending on the concentrations of the toluene
solutions. The amounts of n-heptane required to effect precipitation are then plotted on
a graph versus concentrations of the solutions. The resulting straight line is used to

calculate Heithaus parameters. One of these parameters, the P value, is a quantitative

measurement of the overall compatibility of maltenes and asphaltenes in an asphalt or

an asphalt blend. The P value distinguishes between gel- and sol-type asphalts in that

the former are incompatible and the latter are compatible. The Heithaus method also

measures the solubility characteristics of maltenes and asphaltenes by the parameters

p0 and pa. The p0 values measure maltene solvent power and the pa values measure the

ease by which asphaltenes are solvated.

The Heithaus method is useful in predicting properties of asphalt blends and

emulsion behavior. Recently, the Heithaus method has been fully automated, remov-

ing operator dependence on identifying the onset of flocculation (Pauli, 1996). In the

automated method, iso-octane replaces n-heptane as the precipitating solvent. This

method has been published as an ASTM International procedure (2009).

When applied to asphalt, the terms gel-type and sol-type assume that asphalts are

not pure solutions, but have elements of internal structure. This hypothesis was termed

the colloidal model and was discussed at length by Petersen to rationalize the relation-

ships between asphalt composition and pavement performance (Pfeiffer and Saal,

1940; Petersen, 1984).

Asphalts are highly complex mixtures of compound types, varying widely in

molecular size and polarity. The most abundant compounds are hydrocarbons, com-

posed of the two elements carbon and hydrogen. Asphalt hydrocarbons vary widely in

molecular size and aromaticity. A considerable number of asphalt hydrocarbons are

saturated alkanes, some of which are long-chain compounds of high carbon number.

These are the waxes, discussed subsequently. Saturated alkanes are nonpolar, and do

not interact with one another or with other compounds. Other hydrocarbons contain

one or more aromatic rings and are said to be unsaturated. Aromatic compounds are

slightly polar and interact weakly with one another and with other compounds. Thus

they are slightly polar—polarity being a crude measure of the capability of a molecule

to engage in interactions with other polar molecules.

The nonhydrocarbon constituents of asphalts are heteroatom-containing com-

pounds, those that contain one or more nitrogen, oxygen, or sulfur atoms. These

compounds are the most polar components of asphalts and interact with one another,

in some cases fairly strongly. Among the common polar compounds in asphalts are

carboxylic acids, various nitrogen bases, and thiophenes. Oxidative aging results in

the formation of polar sulfoxides from nonpolar aliphatic sulfides, and polar ketones

from weakly polar aromatic hydrocarbons.

In the colloidal model of asphalt structure, it is assumed that the more polar mol-

ecules of asphalt interact to form molecular associations. These associations are dis-

persed in a bulk solvent, consisting of the saturated hydrocarbons, most aromatic

hydrocarbons, and some of the less polar heteroatom-containing compounds. The size

of the molecular associations, which are held together by forces varying in strength, is

a function of the nature of the polar compounds, temperature, rate of shear, and the
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effectiveness by which the associations are solvated. Within the associations, it is

speculated there is a polarity gradient going from the centers to the peripheries.

The forces holding the associations together are not nearly as strong as the covalent

chemical bonds, which are not broken at asphalt service temperatures and by shear.

The strongest forces in the molecular associations would be carboxylic acid hydrogen

bonds. Weaker polar interactions are broken up by heating and shear, whose variables

reduce the sizes of the molecular associations and increase the bulk solvent. Accord-

ing to the model, interactions involving molecular associations explain some of the

rheological properties of asphalts, the large temperature variation of asphalt viscosi-

ties, and the property changes observed as a result of oxidative aging. Assuming the

validity of the above model, information obtained by such tests as the Heithaus and its

modifications should be useful in predicting pavement performance.

Redelius (2000) developed a method to separately measure hydrogen-bonding and

other polar interactions in aged asphalts and asphalt-flux mixtures. This method

supplements the standard Heithaus test. Redelius titrated toluene solutions of the sub-

ject materials with 2-methyl-1-hexanol (iso-octanol) to measure hydrogen-bonding

interactions. The solutions were titrated with 2-butanone (methylethyl ketone) to

measure polar interactions that are not as strong as hydrogen bonds.

2.2.2 Other solvent precipitation and solvent extraction methods

Solvent precipitation methods that separate asphalts into more than two fractions have

been proposed in the past. Traxler and Schweyer developed a method based on treating

asphalts with 1-butanol, which partly dissolves asphalts. The undissolved solids, desig-

nated as asphaltics (and not identical with asphaltenes obtained by precipitation using n-
alkanes), are obtained by filtration and weighed. Butanol is evaporated from the filtrate,

and the residue treated with hot acetone. The acetone solution then is chilled to�23 °C
(10 °F), resulting in precipitation of a saturate fraction. The saturates are obtained by

decanting the acetone solution. Materials termed cyclics are obtained by evaporation

of the acetone. The masses of the asphaltics, saturates, and cyclics are plotted on a tri-

angular chart. It was claimed that asphalts of different types may be distinguished

(Traxler and Schweyer, 1953). The asphaltic fraction may be further treated with n-
pentane to yield insoluble asphaltenes and soluble resins. Traxler used mass fraction

data from all four fractions to calculate a coefficient of dispersion (Traxler, 1960). This

parameter is the ratio of the cyclics plus resins divided by saturates plus asphaltenes. An

asphalt having a high coefficient of dispersion would be expected to have properties

different from an asphalt having a low coefficient of dispersion.

Marvillet (1975) proposed a separation method consisting of two successive solvent

precipitation steps. Asphalt is first treated with propane, yielding soluble maltenes and

asphaltenes. The propane asphaltenes are then treated with n-heptane, which partially

dissolves them. The three fractions obtained are weighed and themass fractions are plot-

ted on a triangular chart. Asphalts are classified according to data-point positions on the

chart. An advantage of this procedure is that some lower-boiling components that might

be present in asphalt are not lost due to the ease of removal of propane.
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Waxes in petroleum are hydrocarbons that are solids or semisolids at ambient

temperatures. Straight-chain (normal) alkanes of carbon number greater than 20 are

a major component of petroleum waxes. Some other hydrocarbon types also may

be part of the wax component of crude oils, namely, branched alkanes. Waxes

consisting mainly of normal alkanes are known as paraffin waxes. Waxes will

become concentrated in asphalts made from crude oils that contain these hydrocar-

bons. Gupta and Agrawal studied a variety of petroleum waxes that had been sep-

arated from their parent crudes. The waxes were of the paraffin-type and were

characterized by melting points in the 50 °C (122 °F) to 70 °C (158 °F) range.

Average carbon numbers ranged from 28 to 33, determined by X-ray diffraction

(Gupta and Agrawal, 2000). These investigators determined the proportion of

waxes existing in the crystalline state at ambient temperatures. Of those studied,

crystallinity values varied from 78% to 90%, the remainder being amorphous.

The amorphous waxes were assumed to be branched-chain or cyclic alkanes, or

aromatic hydrocarbons having long side-chains. Based on these observations, it

is likely that waxes in asphalts will form separate crystalline phases at low tem-

peratures. Wax crystals occupy less volume than their molten phases. These crys-

tals and their accompanying voids may be centers of weakness in pavements. Bahia

and Anderson have shown that there is a relationship between wax content and

low-temperature hardening of asphalt (Bahia and Anderson, 1995). Claudy et al.

(1992) also have studied the effect of time and temperature on wax crystal forma-

tion in asphalts.

Several procedures to recover waxes from crude oils have been developed, and

some of them have been modified to apply to asphalts. The methods are based on

the observation that waxes are relatively insoluble in common solvents and are the

least polar constituents of asphalts. In the reported separation schemes, at least two

steps are required. Usually, one of the steps will involve a chromatographic technique,

some of which are discussed subsequently.

The existence of paraffinic and microcrystalline waxes in crude oils has long been

known. Paraffin waxes are a homologous series of normal alkanes ranging in carbon

number from 20 to 60 in many crude oils. However, in some crudes, the homologous

series extends far beyond this range, and these compounds will be incorporated into

asphalts (Boduszynski et al., 1981). Microcrystalline waxes also contain molecules of

substantial size. Asphaltene fractions thus may not consist entirely of polar molecules.

The high carbon number alkanes in asphaltenes thus are not part of the dispersed

molecular associations of polar molecules that the colloidal model assumes to exist

in neat asphalts.

Recently, Schabron et al. (2012) formed a method called the Waxphaltene Deter-

minator. A 2-butanone (methylethyl ketone) solution of asphalts is cooled to �24 °C,
which results in the precipitation of waxes and asphaltenes. These solids then are

redissolved in a series of solvents: n-heptane at �24 °C (�11.2 °F); n-heptane at

60 °C (140 °F); toluene at 30 °C (86 °F); and dichloromethane-methanol, 98:2 v/v,

at 30 °C (86 °F). This method allows for the isolation of waxes, polar materials,

and pericondensed aromatics in a few minutes.
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Solvent precipitation methods are useful techniques for the isolation of fractions of

interest from asphalts. The fractions are defined by solubility behavior. Relative

masses of the fractions serve to classify asphalts. The fractions may be studied by var-

ious analytical methods and be subjected to other separation procedures. An advan-

tage of the solvent precipitation methods is that they are simple and not overly

time-consuming. However, they usually involve handling large volumes of solvents,

which may be a problem in some laboratories.

2.3 Separation methods based on adsorption
chromatography

2.3.1 Methods of Marcusson, Corbett, and others

Early in the investigation of asphalt composition, it was found to be necessary to gen-

erate more fractions than maltenes and asphaltenes if useful characterization of an

asphalt was to be achieved. The pioneering work of Marcusson early in the twentieth

century is described by Traxler (1961) and by Barth (1962). Marcusson precipitated

asphaltenes from asphalts using light petroleum naphtha, a mixture of low-boiling

normal and branched alkanes. After filtering the asphaltenes, the maltene filtrate

was contacted with fuller’s earth, an adsorbent clay. Polar materials in the maltene

solution were absorbed on the clay. The naphtha solution was decanted from the clay,

which was then immersed in carbon disulfide to desorb the polar materials. Solvents

were evaporated and the residues were weighed. Marcusson designated the portion of

the maltenes unabsorbed by fuller’s earth as oils, and the materials adsorbed on the

clay were termed resins. Subsequent separation schemes involving solvent precipita-

tion of asphaltenes followed by maltene fractionation have not differed greatly from

Marcusson’s approach. Hubbard and Stanfield (1948) modified the procedure by

replacing petroleum naphtha with n-pentane in the solvent precipitation step and

replacing fuller’s earth with anhydrous alumina.

The most widely used separation method derived fromMarcusson’s research is the

one developed by Corbett. Corbett tried a number of different separation schemes

before settling on a procedure that separates asphalts into four fractions. He chose four

fractions because he did not believe that two or three provided enough information to

effectively characterize asphalts. More than four fractions introduced complications.

In the standard Corbett procedure, asphalts are first contacted with a designated vol-

ume of n-heptane. After asphaltene precipitation is complete, the solids are recovered by

filtration. The maltene solution then is poured onto a bed of alumina in a chromatog-

raphy column. Elution is continued with n-heptane, followed by a calculated amount

of benzene to yield a saturate fraction. Elution is continuedwithmore benzene, followed

by a mixture of benzene and methanol to yield a naphthene aromatic fraction. A polar

aromatic fraction then is eluted with trichloroethylene. After solvent removal, the

fractions are weighed (Corbett, 1970). Recent restrictions on the use of benzene in

laboratories require that toluene replace benzene in the Corbett and other procedures.

The Corbett procedure has been scaled up to provide larger amounts of the four

fractions (Peterson et al., 1994).
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Assuming that the model of asphalt structure discussed earlier is valid, the relative

amounts of the Corbett fractions should provide a measure of whether an asphalt is of

the gel, sol, or intermediate type. Gaestel et al. (1971) divided the sum of the mass

fractions of asphaltenes and saturates by the sum of the mass fractions of naphthene

aromatics and polar aromatics to obtain a value known as the Gaestel index. Saturates

and asphalenes are polar opposites. Naphthene aromatics and polar aromatics are

compatible with one another. Presumably, the saturates comprise most of the solvent

component of an asphalt and the asphaltenes comprise most of the dispersed compo-

nent. The naphthene aromatics and polar aromatics improve the solvent’s ability to

disperse asphaltenes. Thus, the more of the saturate and asphaltene fractions in an

asphalt compared with the other two fractions, the less compatible, or gel-like, the

asphalt will be. Alternatively, sol-type, or compatible asphalts, will have larger

amounts of naphthene aromatics and polar aromatics. Relative compatibilities will

be reflected in physical properties.

The Corbett procedure was found to be useful in forensic studies of asphalts at a

time when embrittlement caused by oxidative aging was a pavement failure mode of

major concern. There exists a substantial database of results. Notable among these

results are data from extracts of cores obtained in the Michigan road test (Corbett

and Merz, 1975). In this well-known investigation, sections of road six miles in length

were laid down using six different binders available in Michigan. Aggregate grada-

tions and construction procedures were carefully controlled so that the single variable

among the test sections was the nature of the binder. After several years, the test sec-

tions were examined by highway engineers and rated according to performance.

Extracts were obtained from top and bottom layers of cores drilled from each of

the sections. The extracts then were separated into fractions using the Corbett proce-

dure. The four mass fractions were compared with similar data from the original

binders. It was found that oxidative aging was more extensive in the top layers than

in the bottom layers, as would be expected. During the process of oxidation, the sat-

urate fractions were found to be relatively unchanged, whereas naphthene aromatics

became converted to polar aromatics. Asphaltene yields also increased.

2.3.2 Modern chromatographic separations and methods
of analysis

The separation methods described earlier were developed before the advent of high-

performance chromatographic techniques. In the earlier separations, asphaltenes were

isolated in a preliminary step, and no subsequent separations were performed on these

highly polar materials. Asphaltenes are composed of materials that bind irreversibly to

chromatographic absorbents such as alumina, clays (fuller’s earth), and silica gel.

Chromatographic separations are performed only on maltenes.

There have been some attempts to fractionate asphaltenes into subfractions.

Selucky et al. eluted asphaltene-coated silica gel using solvents ranging in polarity

from n-pentane to a mixture of tetrahydrofuran (THF) and 2-amino-propane (iso-
propylamine) (Selucky et al., 1981). Almost all of the asphaltenes were recovered

from the silica gel column in several fractions. They reported that MWs of the
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fractions determined by vapor phase osmometry (VPO) decreased with increasing

polarity of the solvent used to generate the fraction.

A refinement of absorption chromatographic separation of asphalts for the purpose of

rapid “fingerprinting” is the iatroscanmethod. This is a thin-layer chromatographic pro-

cedure. Solutions of asphalts in carbondisulfide are “spotted” on specially prepared glass

rods coated with silica (Wan et al., 1992). The spotted rods are then “developed” by par-

tial elution with a series of three solvents, n-heptane, toluene, and THF. Each of the sol-
vents causes different compound types to move along the rods from the original spot.

After development, the rods are moved along a hydrogen flame, which burns off the

organic material on the rod. A flame ionization detector (FID) quantifies the ions gen-

erated. The FID responses over time are correlated with the organic material eluted to

various positions on the rods by the three solvents. Saturates, naphthene aromatics, and

polar aromatics are eluted by n-heptane, toluene, and THF, respectively. Asphaltenes

remain at the point of the original spot. Iatroscan can provide rapid results similar to those

obtained in Corbett analyses. Iatroscan is amethod of analysis rather than a physical sep-

aration of asphalt fractions, so handling substantial quantities of solvents is not required.

In the above separation methods, the objective is to correlate chemical composi-

tional data with various asphalt properties, such as rheological behavior and hardening

tendencies. Corbett (1970) lists the effects of each of the fractions generated in the

separation method bearing his name on asphalt physical properties. He claims that

ductility is largely a function of the polar aromatic fraction, and that this same fraction

has a deleterious effect on temperature susceptibility. Various combinations of frac-

tions influence hardness, softening point, shear susceptibility, and other properties.

If the objective of predicting asphalt properties from chemical composition data

can be met, then binders conforming to desired criteria may, in theory, be designed

and manufactured in refineries.

The success of some of these methods, as well as others discussed below, in achiev-

ing the above objective has been evaluated by Goodrich et al. (1986) and by Dukatz

et al. (1984). These investigators claim that physical tests are more reliable guides to

asphalt performance. Goodrich et al. (1986) contend that two of the most important

performance-related properties, age hardening and temperature susceptibility, are

not readily predicted by the classical separation methods described above.

2.4 Methods for separation of asphalts into chemically
distinct fractions by affinity chromatography

The methods of asphalt fractionation described previously are based on solubility and

absorption behavior, and usually involve an asphaltene precipitation step. Many of

the important rheological properties of asphalts are dominated by the asphaltene frac-

tion. If the model of asphalt structure proposed earlier is valid, asphaltene-like polar

molecular associations exist in asphalts, and asphaltenes are not mere artifacts of

precipitation. If so, separation methods that fractionate asphalts into components

according to chemical similarity or molecular size, without a preliminary precipitation

of asphaltenes, should provide fractions similar to asphaltenes in properties.
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Onemethod used to separate crude oils, tar and bitumens, shale oils, and other organic

complex mixtures into neutral, acidic, and basic fractions is ion-exchange chromatog-

raphy (IEC). This method was used in the study of the “heavy ends” of petroleum in

American Petroleum Institute (API) Project 60 (McKay et al., 1978). Solutions of mate-

rials to be separated pass through (either by gravity or by pumping) columns filled with

either activated anion resins or activated cation resins. Resins as they are obtained from

manufacturers cannot be used. They must be treated with a series of solvents in order to

activate them. The activated anion resins contain functional groups that react with acidic

molecules and separate them from solutions ofmaterials that contact the resins. The acti-

vated cation resins contain functional groups that reactwith basicmaterials. Compounds

containing neither acidic nor basic functional groups do not interact with the resins and

pass through them unabsorbed. The compounds absorbed on the resins are recovered by

desorptionwith acidic or basic reagents. Thus, it is possible to separate bituminousmate-

rials such as asphalts into specifically defined chemical fractions. In IEC separations of

asphalts, a disadvantage is that material recoveries are less than 100% because some

highly polar materials are irreversibly absorbed on the resins.

Green et al. (1984) developed an IEC separation method for a variety of petroleum-

derived materials into five fractions: neutrals, weak acids, strong acids, weak bases, and

strong bases. In this procedure, the sample to be separated is dissolved in a polar solvent,

and the solution is pumped through a column of activated anion resins. The solution

emerging from this column then is pumped through a column of activated cation resins.

Strong acids are absorbed on the anion resins, and strong bases are absorbed on the cat-

ion resins. The solution passing through both columns unabsorbed are divested of sol-

vent, and the residue is redissolved in cyclohexane. This solution is then pumped

through two columns containing freshly activated anion and cation resins. Weak acids

are absorbed in the second anion resin column, and weak bases are absorbed in the sec-

ond cation resin column. Neutral materials pass through all four columns unabsorbed.

One of the earliest separations of asphalts by IEC was reported by Boduszynski

et al. (1977a,b) using Romashkino asphalt. These workers separated solutions of

Romashkino maltenes and asphaltenes into various acidic, basic, and neutral fractions.

In the late 1980s, the Strategic Highway Research Program (SHRP) was launched.

One objective of SHRP was the development of methods that would lead to better cor-

relations between the chemical composition of asphalts and their performance-related

physical properties. The rationale for this research was to identify, by correlation with

chemical compositional variables, which physical properties were fundamental to

asphalt performance (and which were not) and therefore would serve as the basis for

asphalt selection criteria. Except for the development of oxidative aging tests, which

must predict the course of chemical changes in binders, it was not the objective of SHRP

to develop chemical methods as asphalt selection guides. Because it is known that phys-

ical properties of all organic materials are strongly influenced by polarity and molecular

size, the SHRP Binder Characterization and Evaluation project employed separation

methods that fractionated asphalts based on these two compositional variables.

The method selected to separate asphalts according to polarity was IEC.

Two complementary preparative IEC methods were used in the SHRP

Binder Characterization and Evaluation study (1993). One was identical to that of
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Green et al. (1984). An alternative procedure was employed to separate asphalts into

four fractions of interest rather than five. In this procedure, a cyclohexane solution of

an asphalt was pumped into a column of activated cation resins, and the eluates from

this column then were pumped through a column of activated anion resins. The col-

umn sequence is opposite to that of Green et al. (1984). The polar materials absorbed

on the two columns were desorbed and divested of solvent. The polar materials

absorbed on the cation resins were redissolved in cyclohexane, and this solution

was pumped through a second anion resin column. The eluates from this procedure

were divested of solvent, yielding the base fraction. Eluates from the first step that

interacted with neither column comprise the neutral fraction. Materials absorbed on

the first anion resins are the acid fraction. Those materials absorbed on the cation

resins and also on the second anion resins are the amphoteric fraction. Details of this

procedure have been published (SHRP-A-368, 1993). Flow sheets for the two IEC

procedures are illustrated in Figures 2.1 and 2.2.

ELUATE

ELUATE

ELUATE

ΦH, THF, EtOH

 (Elute with ΦH:
1-propylamine)

 (Elute with ΦH:
1-propylamine)

 (Elute with ΦH:
formic acid)

(Dry and redissolve
in cyclohexane)

 (Elute with ΦH:
formic acid)

ELUATE

NEUTRALS

ADSORBATE

ADSORBATE

WEAK BASES

WEAK ACIDS

ADSORBATE

STRONG BASES

ADSORBATE

MP-1 anion resin

MP-50 cation resin

MP-1 anion resin

MP-50 cation resin

Asphalt
dissolved in

STRONG ACIDS

Figure 2.1 Flow sheet for separation of asphalts into five fractions by ion-exchange

chromatography (IEC) (SHRP-A-368, 1993).
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Amphoteric molecules contain at least one acidic and one basic functional group.

Such molecules would be expected to be highly polar and interact with one another

to form molecular associations. They would likely be major components of asphaltene

fractions of asphalts. Also contained in the amphoteric fraction would be molecules that

strongly absorb to ion-exchange resins for any reason (e.g., polyaromatic molecules).

Several selected SHRP asphalts were separated into four fractions using the above

procedure. As expected, neutral fractions comprised the bulk of all asphalts tested,

ranging from 52 to 61 mass %. These neutral fractions were liquids, with viscosity

orders of magnitude lower than those of the parent asphalts. For example, the viscosity

of asphalt AAD-1, one of the eight SHRP “core” asphalts, was found to be 39,440 Pa s

at 25 °C (77 °F) and 1.0 rad/s. Under the same conditions of measurement, the IEC

neutral fraction of AAD-1 was found to be 20 Pa s. Number-average MWs of the

whole asphalt AAD-1 and its IEC neutral fraction were found to be 700 and

510 Da, respectively. Obviously, the three polar fractions, acid, base, and amphoteric,

must be the viscosity-building components of asphalts.

Dissolved in cyclohexane

2. Activated anion resin

1. Desorb with

3. Redissolve in
2. Remove solvent

1. Redissolve in cyclohexane

Remove solvent

Remove solvent

Remove solvent
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ADSORBED FRACTION
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1-propylamine
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1. Desorb with
    formic acid
2. Remove solvent

1. Desorb with
    formic acid
2. Remove solvent

cyclohexane

Figure 2.2 Flow sheet for isolation of amphoterics by IEC (SHRP-A-368, 1993).
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The IEC neutral fractions appear to largely determine asphalt low-temperature

properties, such as the glass transition temperature (Turner et al., 1995). This is

because the waxes and any other crystallizable materials are found in the neutral

fractions of asphalts (Robertson et al., 2001a,b). On average, glass transition temper-

atures (Tg) of the neutral fractions are 10 °C (18 °F) lower than Tg values of parent
asphalts. The absence of polar materials in the neutral fractions allows for more

refined investigation by such techniques as differential scanning calorimetry than

is possible with whole asphalts.

IEC neutral fractions have been treated to isolate waxes (McKay et al., 1995).

The neutral fractions were dissolved in toluene, and then a calculated amount of

2-butanone (methylethylketone) was added to the solution. The mixture then was

chilled, and the precipitated waxes were recovered by filtration. The waxes then were

weighed. Of the eight SHRP core asphalts, wax contents varied from less than 2–25%,

the latter value being an outlier. Of the other seven core asphalts, the highest wax

content was 8%. When the isolated wax fractions were studied by IR spectrometry,

substantial 723 cm�1 peaks were observed, characteristic of long-chain saturated

hydrocarbons. Most of the waxes were hard, brittle solids at ambient temperatures.

The exception was asphalt AAM-1, the outlier containing 25 mass % wax content.

These waxes were observed to be gelatinous, and were microcrystalline waxes,

distinct from the paraffin waxes in the other SHRP core asphalts.

Neutral fractions of asphalts obtained by the IEC method have been separated to

isolate compound types other than waxes. Green et al. (1989) fractionated IEC neutral

fractions of a Cerro Gordo resin using high-performance liquid chromatographic

(HPLC) techniques. Aliphatic sulfides were isolated using a column doped with pal-

ladium. The remaining neutral materials were separated into saturate, monoaromatic,

diaromatic, triaromatic, and polyaromatic fractions using other HPLC methods.

The results of Green, Reynolds, and Yu demonstrate that IEC neutral fractions of

asphalts are a highly complex mixture of a variety of compound types. Although

IEC neutral materials are lower in MW than whole asphalts, the MW range of IEC neu-

tral components is substantial. MW values of mixtures of compounds determined by

VPO are averages. Salmans et al. (1998) reported results from the separation of the

IEC neutral fraction of SHRP core asphalt AAB-1 into subfractions of various

molecular sizes using the size-exclusion chromatographic (SEC) method, described

in more detail subsequently (Robertson et al., 2001a,b). The highest MW subfraction,

comprising 5% of the mass of the IEC neutral fraction, was found to have a MW of

2760 Da. This is a much larger value than that of the IEC neutral fraction as a whole,

and corresponds to hydrocarbons having carbon numbers of approximately 200. These

are true MWs, as polar molecular associations cannot exist in the IEC neutral fractions.

Other investigators also have reported the existence of fairly high MW molecules in

crude oils (Thanh et al., 1999; Carbognani et al., 2000; Carbognani and Orea, 1999).

The solvent strengths of the IEC neutral fractions have been measured and were

found to be equivalent to that of 2,2,4-trimethyl pentane (iso-octane). This solvent
precipitates asphaltenes, so if IEC neutral fractions are the bulk of asphalt solvent

phases, other agents must be present if asphaltene-like materials are to be stabilized

in whole asphalts. It is believed that stabilizing materials correspond roughly with the
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IEC base and acid fractions, which readily dissolve in the IEC neutral fractions but

also are sufficiently polar to assist in the solubilization of IEC amphoterics, which

comprise most of the asphaltene fraction of asphalts. Thus, the traditional model of

asphalt structure, in which asphaltenes are dispersed in maltenes by means of resins,

is supported by the IEC data.

The amphoteric fractions of those asphalts subjected to IEC were the next most

abundant fraction, ranging from 18 to 25 mass % of the eight SHRP core asphalts.

Amphoterics are the most aromatic of the four IEC fractions studied, and also are high

in nitrogen-containing compounds. Number-average MW values of the amphoteric

materials, determined at 60 °C (140 °F) by VPO in toluene, range from two to four

times the values of parent asphalts. Amphoteric materials are the viscosity-building

components of asphalts. Mixtures of IEC neutrals, acids, and bases (i.e., asphalts

minus amphoterics) are much less viscous than whole asphalts measured under iden-

tical conditions (SHRP-A-368, 1993). These findings provide further support for the

model of asphalt structure proposed earlier.

Carboxylic acids are a significant component of some asphalts. These compounds

might be expected to react chemically with basic sites on aggregates, and thus be con-

tributors to stripping. If it is necessary to isolate a carboxylic acid rich fraction from

asphalts for study, a procedure for doing so has been reported (Ramljak et al., 1977).

A modification of the procedure allows the isolation of two quinolones, amphoteric

molecules that contain an acidic group comparable in acidity to carboxylic acids

(Preece et al., 1992).

The IEC methods are expensive and tedious, but provide detailed compound-type

analyses of asphalts. Such time-consuming methods are not suitable for most studies

of asphalts. The various IEC separation methods do provide substantial amounts of

distinct components that can be used in other studies. The IEC method can process

large quantities of an asphalt in one experiment.

Environmental concerns involving fossil fuels and products derived from them

tend to focus on polyaromatic, heteroatom-containing compounds, which are major

components of asphalts. Some asphalts, particularly those derived from heavier

crudes, are rich in such metals as vanadium and nickel. These metals are components

of organic complexes and are not entrained inorganic salts (Filby and Branthaver,

1987). In the future, it may be necessary to have more detailed information about

the abovementioned compound types, and IEC is one method that might prove useful.

2.5 Size-exclusion chromatography separation
of asphalts

The separation methods discussed so far depend on solubility behavior or chemical

affinity. Separation methods exist that enable larger molecules, or associations of

smaller molecules, to be separated from smaller molecules. Among these methods

are centrifugation, ultrafiltration, and SEC. Only the latter method is practical for

asphalts, due to their high viscosities.
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The SEC method, often referred to as gel-permeation chromatography, has been

used for many years to separate asphalts into fractions of varying molecular sizes.

In their review of SEC in asphalt studies, Davison et al. claim that “asphalt is probably

the most complex material routinely studied by SEC” (Davison et al., 1995). In SEC,

solutions of asphalts are pumped through columns filled with particles of polymeric

gels that are swelled in a solvent. The swelled gel particles are highly porous, and the

pores are of varying sizes. The distribution of pore sizes is controlled during the man-

ufacture of the gels. A typical gel used in SEC is a polystyrene cross-linked with divi-

nyl benzene. When an asphalt solution is introduced into the gel bed, the largest

molecules (or the largest stable molecular associations) do not enter the throats of

the gel pores, but percolate through the gel bed in the carrier solvent between gel par-

ticles. Therefore, the largest molecular entities elute first in SEC separations. Smaller

molecules (or smaller molecular associations) spend more time inside the gel pore

structure (during which time they are immobilized), and the time spent is in inverse

proportion to their hydrodynamic volume, which is a function of molecular size.

The smallest molecules freely enter almost all of the gel pore structure, and are last

to elute. A mixture of molecules having approximately the same molecular size will

not be separated by SEC. Neither will a mixture containing only molecules or molec-

ular associations that are larger than the maximum pore size of the gel used in the sep-

aration. If chemical differences among constituents of a mixture vary according to

molecular size, then SEC will effect a chemical-type separation as well as one based

on molecular size. Unlike ion-exchange and absorption chromatographic separations,

recoveries in SEC separations usually are nearly quantitative.

The SEC technique should be able to separate those constituents in asphalts that

form stable molecular associations from those constituents that do not. In order to

accomplish this goal, it is necessary to dissolve asphalt in a solvent in which the stron-

ger molecular associations are not broken up by dilution. Moreover, if the so-called

colloidal model of asphalt structure is correct, the first eluates in an SEC separation

should resemble the most polar materials obtained by IEC. The later SEC eluates

should be similar in properties to the low MW neutral, acid, and base fractions

obtained by IEC. Failure to effect separation by SEC into fractions with substantially

different properties would refute the colloidal model or any similar model. A success-

ful SEC separation of asphalts into distinct fractions does not necessarily prove the

model, because it is conceivable that the largest size entities in asphalts might be

macromolecules derived from biopolymers. The SEC method will separate asphalt

components according to absolute molecular size in such a case. A large molecule

cannot behave as a small molecule, although smaller molecules might interact to form

molecular associations and behave as large entities in SEC. However, the investigations

of Boduszynski (1988), and that of Groenzin and Mullins (2000), among other studies,

argue against macromolecules being present in petroleum in substantial quantities.

The use of the SEC technique for separation of heavy ends of petroleum was pio-

neered by Altgelt (1965) and Altgelt and Hirsh (1970). SEC was extensively used in

API Project 60, which emphasized research on petroleum residua (Sugihara et al.,

1970). Early work separating asphalts by SEC was predominantly directed toward

differentiating among various asphalts by “fingerprinting” apparent molecular size

distributions. The initial experiments using SEC to profile asphalts were methods
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of analysis rather than actual separations. Small amounts of asphalts were dissolved in

a solvent, usually THF, which is highly polar and breaks up all but the strongest

asphalt polar associations. The solutions then were injected into columns of various

pore size distributions. Refractive index (RI) or ultraviolet–visible (UV–vis) detectors

were used to monitor fractionation patterns. Molecular size distributions were estab-

lished by measuring elution behaviors of model compounds of known molecular size

(Otocka, 1973). The SEC method soon came into widespread use among asphalt

researchers. Breen and Stephens determined molecular size distributions of 50 diffe-

rent asphalts using a combination of three gel columns, each having different pore size

distributions (Breen and Stephens, 1969). The solvent used was THF, and the detector

was a differential refractometer. These investigators observed that most asphalts

exhibited bimodal molecular size distributions. An initial peak, or bulge of material

of apparently largemolecular size (LMS) was observed, followed by a valley, and then

a second higher peak consisting of lower molecular size material.

Bynum and Traxler (1970) used SEC to analyze bitumens extracted from

pavement cores. They compared results with SEC chromatograms of samples of

the original asphalts used in the pavements. They found that the SEC chromatograms

of the asphalts that showed poor resistance to oxidative age hardening differed

noticeably from SEC chromatograms of the original asphalts. A bimodal distribution

of molecular sizes was observed in the nine asphalts investigated. Bynum and

Traxler noticed that size of the peak (determined by RI) corresponding to the

higher molecular size entities increased with extent of oxidative age hardening,

and that the size of the second peak decreased. It also was reported that the SEC

chromatograms of asphalts of a given specification grade from the same supplier

changed with time.

Haley (1975) separated air-blown asphalts and their parent residues by SEC and

analyzed the fractions by NMR. He observed that the LMS material increases as a

result of air blowing.

Reerink and Lijzenga (1975) analyzed asphaltenes from heavy crudes and various

fractions from a Kuwait asphalt by SEC. They demonstrated that SEC calibration

curves based on polystyrenes could not be used as universal calibration curves for

the asphaltenes. This is because hydrodynamic volumes of polystyrenes differ greatly

from hydrodynamic volumes of asphaltene components, and SEC separates according

to hydrodynamic volume. Usually, hydrodynamic volume correlates with molecular

size. However, an alkane and an aromatic compound of identical MW may be

separated by SEC because of the larger hydrodynamic volume of the alkane.

Altgelt and Harle (1975) separated asphalts with different rheological properties by

preparative SEC. They measured MWs of each of seven fractions by VPO, asphaltene

contents of each of the fractions, and intrinsic viscosities of the fractions. This latter

property should vary directly with MW. They found that, for Boscan (a heavy

Venezuelan crude) asphalt SEC fractions, MW values varied from 25,000 to

960 Da. The earliest eluted fractions, which are of largest molecular size, consisted

entirely of asphaltenes. The latest eluted fractions contained few asphaltenes. Intrinsic

viscosities of the fractions, measured in benzene, decreased by a factor of two from the

first to the last of the seven eluates. These results confirmed that SEC does effect a

separation of asphalt solutions by molecular size, and that the asphaltene fraction

Analytical separation methods in asphalt research 45



of Boscan asphalt contains either predominantly materials of relatively LMS or

materials that tend to form fairly strong molecular associations.

Brule (1979, 1980) and Brule et al. (1986, 1994) in the Laboratoire Central des

Ponts et Chaussées in France separated many asphalts by analytical SEC in order

to elucidate chemical composition-physical property relationships. They developed

a rapid SEC separation of THF solution of asphalts through dual columns using

UV detection. In theory, the fast separation should not allow molecular associations’

time to break up completely into constituent molecules so that some of the presumed

colloidal structure of the materials should be preserved. The SEC chromatograms of

straight-run asphalts almost always were observed to be bimodal. The SEC chro-

matograms of aged asphalts exhibited three peaks, the third corresponding to entities

larger than those found in straight-run asphalts. In Brule’s interpretation, these peaks

correspond (in reverse order of elution) to an intermicellar solvent phase, a dispersed

phase, and a phase corresponding to micellar aggregations, which occurs only in aged

materials. The third peak becomes larger with longer aging time and higher aging tem-

peratures. It is speculated that buildup of these large aggregations is responsible for

embrittlement of aged pavements.

Jennings et al. (1988) and Jennings and Pribanic (1989) have published a number of

reports in which SEC chromatograms of asphalts are correlated with pavement per-

formance. One study of Montana pavements manufactured from asphalts obtained

from refineries in the state indicates that SEC chromatographic data of original

asphalts can predict cracking tendencies in pavements. These researchers arbitrarily

divide the chromatograms into three areas: LMS, mediummolecular size (MMS), and

small molecular size (SMS). Jennings and Pribanic claim that asphalt behavior in

pavements is predicted by the shape of the SEC chromatograms, which are measures

of molecular size distributions. They claim that SEC chromatograms demonstrate dif-

ferences among asphalts that are not detected by other methods, particularly standard

physical grading methods. In the Montana road study, it was found that pavements

made with an optimum LMS content (�18%) as measured by SEC exhibited few

cracks after 4 years of service. Pavements made from asphalts having higher LMS

contents were observed to undergo cracking. In this study, Corbett’s analyses also

were performed on the asphalts studied. Pavements made from asphalts low in asphal-

tene content were observed to undergo rutting (Jennings and Pribanic, 1989).

In a study of pavements from localities outside Montana, Jennings and Pribanic

(1989) showed that optimum LMS content, with regard to cracking, varied with cli-

mate. In warmer areas, pavements made from asphalts with higher LMS content

exhibited less cracking than pavements made from similar asphalts in cold climates.

Jennings et al. (1992) and Pribanic et al. (1989) experimented with the use of diode

array detectors in SEC separations. Eluates can be monitored from 200 to 600 nm

instead of only one preset wavelength, which allows for the construction of three-

dimensional SEC chromatograms. Highly aromatic species tend to absorb at higher

wavelengths in the UV–vis range. Molecular size distributions of a wide variety of

aromatic species can be obtained by this method. For example, metalloporphyrins,

chlorophyll-derived components of many crude oils, have strong absorbance at

570 nm, where few other species interfere. By setting a detector at 570 nm, metallo-

porphyrin distributions in asphalts over a wide MW range can be measured.
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Plummer and Zimmerman (1984) reported molecular size distributions of asphalts

recovered from pavement cores in Michigan and Indiana. Some of the pavements in

both states exhibited extensive cracking problems, while others did not. The asphalts

extracted from the more distressed pavements contained more high MW materials

than did the less distressed pavements. The presence of greater amounts of high

MW materials was directly correlated with hardness. Harder asphalts were utilized

in the Indiana roads than were used in the Michigan roads, reflecting the warmer

climate of Indiana. Without there ever having been quantitative measurements of

molecular size distributions, asphalts selected for use in warmer climates tended to

be harder than those used in colder climates. This was the result of trial and error

in the construction of pavements over time.

Glover et al. (1988) obtained SEC chromatograms for many asphalts used in Texas

and for recovered materials from pavement test sections. Solvents used in the SEC

separations were THF or toluene. The chromatograms were distinctly different for

the two solvents, partly because only one column was used in the toluene separations,

while two columns were used in the THF separations. The SEC chromatograms were

divided into LMS, MMS, and SMS sections. Asphalts exhibited unique SEC chro-

matograms depending on the crude oils (sources) from which they were derived, as

would be expected. Different viscosity grades from identical sources are characterized

by similar, but distinguishable, SEC chromatograms. In a related study, Glover et al.

(1987) also showed that SEC could be used to monitor seasonal changes in asphalts

obtained from various suppliers in Texas. The authors emphasize that asphalts from

various sources having identical viscosity grades may exhibit widely different SEC

chromatograms, demonstrating that there is little correlation between asphalt viscosity

(which is a made-to-order property depending on the method of manufacture) and

composition as measured by SEC.

Davison et al. (1995) have done extensive research on changes in SEC chromato-

grams as asphalts oxidatively age. They found that LMS increase in the chromato-

grams correlates with degree of oxidation and also is asphalt dependent.

Along with other researchers, Glover et al. (1988) found good correlations between

relative amounts of LMS in SEC chromatograms of neat asphalts with the physical

parameter viscosity–temperature susceptibility (VTS). This parameter measures the rate

of change of viscosity as a function of temperature, and is an important predictor of pave-

ment performance. The same correlation was not observed in asphalts recovered from

pavement cores. Asphalts having small amounts of LMS, as determined by SEC, often

were found to be prone to “tenderness” in mixes. The tendency toward tenderness could

also be measured by the Heithaus test (see Section 2.2.1). Asphalts low in apshaltene

content usually, but not always, exhibit low LMS peaks in their SEC chromatograms.

Bishara and McReynolds (1990, 1992), and Bishara et al. (1991) at the Kansas

Department of Transportation utilized SEC to study molecular size distributions of

neat and aged asphalts, and samples of asphalts obtained from pavement cores. Instead

of using data obtained from UV and RI detectors, they developed a technique utilizing

a gravimetric finish to calculate molecular size distributions. Asphalts contain mole-

cules that do not absorb in the UV–vis range, so this fact limits the accuracy by which

UV detectors can monitor MW distributions. Even those compounds that are

UV-active will have different molar absorptivities. It has been alleged that MW data
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obtained from RI data have reproducibility problems, and refractive indices vary with

MW. Bishara and McReynolds dissolved small (<5 mg) samples of asphalts in THF

and injected the solutions into an SEC column. A mixture of THF with a small amount

of pyridine (to prevent tailing) was the carrier solvent. Various fractions were

collected, solvent was removed, and the separate fractions were weighed on a micro-

balance. Cut points were determined from retention times of polystyrene standards.

Bishara et al. (1991) and Bishara and McReynolds (1992, 1993) claim that the

adoption of a gravimetric finish resolves those difficulties encountered in comparing

results from different SEC columns.

Following the practice of Jennings, Bishara and McReynolds divided asphalt SEC

chromatograms into molecular size regions of LMS, MMS, and SMS. The SMS

regions of the asphalts studied were minor compared with the other two regions.

Molecular size distributions were calculated based on relative amounts of LMS

and MMS in the SEC chromatograms. Bishara, McReynolds, and Lewis correlated

the molecular size distributions with various physical and chemical properties of

20 neat asphalts. Good correlations were observed with VTS and penetration viscosity

number (PVN) at 135 °C (275 °F), but not with PVN at 60 °C (140 °F). They also

found relationships between the molecular size distributions and two compositional

parameters, asphaltene content and the Gaestel index. When the asphalts were treated

by the thin-film oven (TFO) aging test, LMS-to-MMS ratios increased. The authors

summarize their results in the statement that good field performance should be

correlated with low VTS and high resistance to oxidative aging. The asphalts they

examined that had relatively high LMS/MMS ratios were desirable on both counts.

Their results indicate that SEC should be a good method for screening asphalts for

acceptable values of these properties.

Burati and co-workers have studied the correlation of asphalt physical properties

with SEC molecular size distributions by dividing the chromatograms into a large

number of fractions (Kim and Burati, 1993; Kim et al., 1993, 1995; Churchill

et al., 1995). Price and Burati (1989) claim that for binders alone, physical tests in

current use are not particularly good predictors of long-term pavement performance.

This statement appears to contradict previous assertions that VTS is a good perfor-

mance predictor, but the authors emphasize long-term performance, which is strongly

influenced by oxidative age hardening of binders. They also claim that most chemical

fractionation data are not useful for mix designs. The SEC method, however, differ-

entiates among asphalts of the same viscosity grade and should be useful in perfor-

mance prediction. Price and Burati (1989) showed that molecular size distributions

determined from SEC profiles of several asphalts were related to penetration,

PVN, VTS, and other physical parameters. Kim et al. (1993) found that too much

LMS material resulted in lower tensile strengths of binders. In other work, Kim

et al. (1995) observed that those components corresponding to the first 17% of the

SEC chromatograms have the most significant correlation with selected physical

properties. They claim that this initial fraction, as determined by RI, should be des-

ignated the LMS fraction rather than LMS fractions designated by other researchers.

Their SEC chromatograms were subdivided into 30 slices, the first 11 of which com-

prise the LMS fraction. Interestingly, it is claimed that a particular subfraction of the
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LMS fraction proved to be better correlated with physical properties than the

subfraction containing the largest molecules. Kim and Burati (1993) and Churchill

et al. (1995) studied molecular size distribution profiles of aged asphalts by the

methods described above. They found, as have other researchers, that asphalts having

similar initial physical properties exhibit differences in aging behavior.

The significance of the above results is that a molecular size distribution profile

obtained by SEC can be a surrogate for a variety of physical measurements.

Even if the particular physical measurements are not good predictors of pavement

performance, the SEC method would be no worse.

Noureldin and Wood (1989) reported the use of SEC to evaluate the effect of recy-

cling agents on molecular size distributions of aged asphalts. The subjects of their

experiments were asphalts that were artificially aged in the laboratory or were field

aged and recovered from pavements. The SEC chromatograms of the materials were

divided into LMS, MMS, and SMS portions in accordance with the precedent estab-

lished by Jennings. It was observed that the relative amount of LMS in the chromato-

grams increased with aging severity. Adding recycling agents to the aged binders did

not always restore the original molecular size distribution of parent-unaged binders,

although some physical properties were restored to those of the original materials.

Some recycling agents caused reduced amounts of LMS materials in the SEC

chromatograms of the age-hardened binders, but also increased the amounts of the

SMS materials. The MMS fractions of the aged binders treated with recycling agents

were observed to be low compared with original materials. Noureldin andWood point

out that, in sufficient amounts, most recycling agents can restore the original consis-

tency to aged binders. However, the important property VTS might not be restored to

its original value. They advise that recycling agents be chosen so that the molecular

size distributions of aged asphalts are restored as closely as possible to original values.

Garrick andWood (1986) andGarrick andBiskur (1990) investigated the relationship

between selected asphalt physical properties and SECprofiles. Three physical properties

were of particular interest in their studies: (1) rheological type, measured by PVN

and VTS; (2) durability, measured by the ratio of viscosities at 60 °C (140 °F) before
and after a TFO test; and (3) consistency, measured by viscosity at 60 °C (140 °F). In
order to relate the SEC data with the physical properties, the SEC chromatograms were

divided into several areas. Garrick showed that there exists a good relationship between

SEC profiles and asphalt rheological type. Asphalts with broad molecular size distribu-

tions tend not to be temperature susceptible, based on VTS, the opposite being true

of asphalts with narrower molecular size distributions. The latter are more durable

(Garrick, 1992, 1994). Garrick extended his analysis to analytical SEC data reported

by Duvall for SHRP asphalts (1993). Physical properties of the SHRP asphalts were

used to predict shapes of SEC profiles using Garrick’s method. Good correlations with

the actual results of Duvall, who used a different method to obtain SEC data, were

observed.

In the Binder Characterization and Evaluation Project of SHRP, preparative SEC

was extensively employed (Duvall et al., 1993). In a typical separation, a toluene solu-

tion of a 16 g asphalt sample was introduced into a large jacketed glass column (which

allowed the progress of the separation to be monitored visually) filled with a
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polystyrene-divinyl benzene gel swelled in toluene. The column was maintained at

40 °C (104 °F). After breakthrough of colored material from the column, the initial

cut point was based on fluorescence. Many years ago, Dr George Wu observed that

the initial eluates in preparative SEC separations of heavy crudes, tar sand bitumens,

and asphaltenes derived from these materials do not fluoresce when irradiated with

350 nm light. At a certain point in the preparative SEC separations, eluates suddenly

exhibit fluorescence to 350 nm light. In some of the preparative SEC separations, this

was the only cut point, so asphalts were only separated into two fractions, designated

SEC fraction-I and SEC fraction-II. In other preparative SEC separations, the mate-

rials collected after the onset of fluorescence were collected as eight subfractions.

Upon completion of each separation, the various fractions were dried, weighed,

and subjected to various analyses. The SEC chromatograms of eight SHRP core

asphalts are illustrated in Figure 2.3. Mass fraction data are plotted versus percentages

of bed volume. The clear division of the SEC fraction-I materials from the remaining

SEC fractions is evident for all but one of the asphalts.
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Figure 2.3 SEC chromatograms of core asphalts (SHRP-A-368, 1993).
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It is speculated that the nonfluorescent SEC fraction-I materials correspond to the

dispersed component of an asphalt. Those materials contain those asphalt components

of highest MW and the most aromatic constituents. Individually, the aromatic mole-

cules would be expected to be fluorescent, but molecular association tends to suppress

fluorescence. Thus, the molecules comprising the SEC fraction-I materials are

involved in associative interactions, in accord with the colloidal model. Buisine

et al. (1993) reported similar observations.

In the preparative SEC separations of the eight SHRP core asphalts, the amount of

the initial SEC fraction-I materials varied considerably among the asphalts. In those

separations in which eight subfractions of SEC fraction-II were collected, the middle

subfractions contained the most amount of material. The last two subfractions

contained minor amounts of material. The preparative SECmethod thus results in sep-

aration of asphalts into bimodal distributions, in accordance with what was observed

by the analytical separations.
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Figure 2.3. Continued.
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MW values of the preparative SEC fractions, determined by VPO, decreased from

the initial fraction to the last subfraction. For one of the SHRP asphalts, AAK-1, SEC

fractions-I had a MW value of 10,000 Da, while the final measured subfraction had a

MW value of 340 Da. Turner et al. (1995) reported a relationship between elution

order of the preparative SEC fractions and glass transition temperature. Other chem-

ical and physical properties of the preparative SEC fractions have been reported.

The SEC fraction-I materials are black, friable solids. The SEC fraction-II materials

are viscous liquids that are much lower in viscosity than their parent asphalts

(SHRP-A-368, 1993).

In theory, the SEC fraction-I materials might be considered the dispersed phase of

an asphalt, and SEC fraction-II materials the solvent phase. If so, the question arises as

to whether the nature of the dispersed and solvent phases (as represented by the two

SEC fractions) is as important in influencing rheological properties of asphalts as the

relative amounts of the two phases. To test this theory, cross-blended mixtures of SEC

fractions of four SHRP asphalts were prepared. For each cross-blended mixture, the

variables considered were the source of each of the two SEC fractions and their rel-

ative abundances. For a given asphalt, there is a specific natural abundance level of the

two SEC fractions. For each set of cross-blends of two asphalts, eight mixtures were

prepared. Four of the mixtures contain the SEC fraction-II materials of one asphalt,

and four mixtures contain SEC fraction-II materials of the other asphalt. Each set

of four cross-blends is combined with one or the other SEC fraction-I materials at

one of the two natural abundance levels. Two of the eight cross-blends reconstitute

the original asphalts. Rheological data on the cross-blends were obtained

(Robertson et al., 2001a,b). Cross-blends of some asphalts did not differ greatly from

one another with respect to rheological properties, while other cross-blends exhibited

great differences. These differences could not be accounted for solely by relative

amounts of the two fractions. Rheological properties of those cross-blends must be

determined by the nature of the components and their mutual compatibility, a finding

that must be taken into account when fundamentally different asphalt types are

blended.

2.6 Summary

Asphalts are highly complex mixtures of a wide variety of chemical compounds.

Before the advent of chromatographic techniques, chemical separation methods

yielded limited information about relationships between asphalt composition and

performance-related physical properties. Eventually, the chromatographic techniques

allowed for rapid profiling of asphalts and their separation into defined fractions were

based on chemical-type or molecular size. The fractions so obtained then could be

studied by other methods. As a result of these efforts, a model of asphalt microstruc-

ture was developed over the years, which rationalizes many of the interesting prop-

erties of binders.

This chapter has focused on the development of classical methods of asphalt

analysis and separation. Contemporary refinements of these methods hopefully will

prove to be even more valuable techniques applied to asphalt science.
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3Tridimensional linear viscoelastic

behavior of bituminous materials

C. Sauzeat, H. Di Benedetto
University of Lyon/ENTPE (Ecole Nationale des Travaux Publics de l’Etat), Vaulx en Velin,
France

3.1 Introduction

In order to analyze the structural behavior of pavements and its evolution with time,

thermomechanical properties of bituminous mixtures must be investigated with regard

to the following aspects:

l Stiffness and stiffness change with time in the linear domain.
l Fatigue and damage law evolution.
l Permanent deformation and accumulation of this deformation.
l Crack and crack propagation, particularly at low temperature.

These four properties are of main interest when analyzing pavement behavior. The

first one is observed for very small strain amplitudes and corresponds to linear visco-

elastic (LVE) behavior of mixtures. The other three aspects are at the origin of major

distresses, respectively: degradation by fatigue, rutting, and crack propagation. Each

of these properties or distresses appears for a given domain of loading and corresponds

to a specific type of behavior for the mixtures.

When considering the plot of Figure 3.1, proposed by Di Benedetto (1990), it is

possible to identify the domains corresponding to the different aspects previously

introduced and the corresponding “typical” type of behavior of mixtures. Of course,

this figure is schematic, and the boundaries of the different domains should be con-

sidered as a general indication. In reality, the transition from one domain to another is

made in a smooth and continuous way.

In order to cope with the complexity of the observed problems, as well as the

appearance of new types of structures, new innovative materials, and increasing dura-

bility concerns, the use of rational methods is needed. Work has already been done in

this direction, such as the developments of the French method (SETRA-LCPC, 1997;

NF P98-086, AFNOR, 2011), applied since the 1970s, and more recently, efforts

engaged in the United States within the framework of the Strategic Highway Research

Program (1988–93, continued after 1996), which allowed the development of the

Superpave method and the American Association of State Highway and Transporta-

tion Officials (AASHTO, 1993) pavement design guide.

In this chapter, we will focus on the 3D LVE behavior of bituminous materials.

LVE behavior has been widely studied in the one-dimensional case. Nevertheless,

considering the complex stress and strain state occurring in the pavement under traffic,
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it is of outmost importance to obtain a complete 3D characterization of bituminous

materials. Although a gap still exists between the results obtained from research

and the introduction of this knowledge in design methods, computation and calcula-

tion methods (such as finite element methods) are nowadays sufficiently powerful to

implement 3D models for more realistic simulation of bituminous pavements.

In the following, experimental tools developed to investigate 3D behavior are

presented. Then, observed 3D LVE behavior is shown for different bituminous

materials. Some characteristics are specifically analyzed, such as the validity of the

time–temperature superposition principle in 3D, the anisotropy, and the influence

of loading history.

The rheological 2S2P1D model, capable of describing the observed 3D LVE

behavior of bituminous materials, is also introduced. Then, the proposed method to

obtain the LVE properties of mixtures from bitumen (and vice versa) is described.

The developments presented hereafter are based on many works corresponding

mainly to PhD studies performed in the laboratory of the University of Lyon/ENTPE

(Ecole Nationale des Travaux Publics de L’Etat) approximately in the last decade.

3.2 Complex modulus and complex Poisson’s ratio tests

A complex modulus can be obtained from different types of tests, using different spec-

imen geometries and loading configurations. Several existing tests are nonhomoge-

neous and are based on back analysis of obtained measurements. First, the

behavior of the tested material must be assumed, and then the parameters of consti-

tutive equations are deduced from measurements. In order to obtain directly the

behavior of the studied materials without the need for hypotheses, homogeneous tests

should be carried out.
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Figure 3.1 Domains of behavior for bituminous mixtures (e, strain amplitude; N, number

of cycles).

From Di Benedetto (1990).
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This is the approach chosen by the University of Lyon/ENTPE laboratory to study

bituminous materials. Tension/compression tests are performed with different speci-

men sizes and geometries (Di Benedetto et al., 2007a, 2011; Mangiafico et al., 2013;

Nguyen et al., 2009, 2013; Pouget et al., 2010; Tapsoba et al., 2014).

3.2.1 Testing devices and specimens

Tension/compression tests are carried out using a hydraulic press, equipped with a

load cell, used to monitor axial stress. The electronic control system allows one to

perform axial stress-controlled or axial strain-controlled tests.

A thermal chamber is used for thermal conditioning of specimens during tests.

Temperature is measured using a thermal sensor (e.g., a PT100 temperature probe)

fixed on the surface of the specimen.

A general view of the equipment is shown in Figure 3.2.

Different devices can be used to measure locally the strain at the surface of the

specimen, depending on specimen size and shape.

Usually, a cylindrical specimen is used, with a height ranging from 120 to 160 mm,

and a diameter from 75 to 80 mm. Several studies were carried out using three axial

extensometers located at 120° around the specimen to measure axial strain

(Figure 3.3). Axial strain is considered the mean of the three measurements. Radial

strain can be obtained from two noncontact displacement transducers (with a

500 mm range) that measure diameter changes at mid-height of the specimen. In order

to study the potential anisotropy of the materials, four noncontact displacement trans-

ducers have also been used to measure specifically the radial strains in two orthogonal

directions.

In some other studies (Clec’h et al., 2009, 2010), in order to measure axial and lat-

eral strain, 50 mm long-strain gauges have been used. For cylindrical samples, four

strain gauges were placed diametrically: two to measure axial strain and two to mea-

sure orthoradial strain. For parallelepiped samples, six gauges have been used (two for

axial and four for radial strain).

Specimen

Load cell

Temperature-
controlled
chamber

Piston

Figure 3.2 General view of the

test equipment at the University

of Lyon/ENTPE.

Tridimensional linear viscoelastic behavior 61



3.2.2 Test principle

Advanced complex modulus tests have been carried out using the described equip-

ment. Sinusoidal tension/compression axial loading is applied at different loading fre-

quencies, ranging from 0.001 to 10 Hz, and different temperatures, ranging from

�30.0 to 60.0 °C, in order to determine the viscoelastic properties of tested materials

on a range as wide as possible. Axial strain amplitude is chosen so that the behavior

remains in the linear domain, namely small-strain amplitude domain. As it is intended

to measure complex Poisson’s ratio, axial amplitude has to be high enough to ensure

sufficient accuracy. For bituminous mixtures, the strain amplitude is generally chosen

equal to 50 mm/m. The number of applied loading cycles varies according to frequen-

cies (from one or two cycles at 0.001 Hz up to �100 cycles at 10 Hz). A rest period

(about 5 min) is also applied between two successive cyclic loading periods (i.e., at

each frequency change) to avoid self-heating effects. For each temperature, the pro-

cedure involves a test duration of one hour. A conditioning period of 4 h is also con-

sidered when the temperature is changed, to ensure a homogeneous temperature inside

the specimen. During this period, the load applied on the specimen is null.

Extensometers

Noncontact
sensor

System to fix
noncontact

sensor

Upper cap

Temperature
sensor

Lower cap

Axial strain
gauges

J2

J1

III
II

I

J6

J2

J1
J3

J5

J4

Load direction

Figure 3.3 Two different strain measurement systems developed at the University of

Lyon/ENTPE to measure axial strain and radial strain with extensometers, noncontact

transducers, and strain gauges.
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When applying a sinusoidal axial strain (eax), a sinusoidal axial stress (sax), and a

sinusoidal radial strain (erad) are obtained. The following equations are used:

eax tð Þ¼ eAaxsin otð Þ (3.1)

sax tð Þ¼ sAaxsin ot +’Eð Þ (3.2)

erad tð Þ¼ eAradsin ot + p+’nð Þ¼�eAradsin ot +’nð Þ (3.3)

where ’E is the phase angle between the axial strain and the axial stress; ’n is the

phase angle between the axial strain and the opposite radial strain; and eAax, eArad,
and sAax are axial strain amplitude, radial strain amplitude, and axial stress amplitude,

respectively (Figure 3.4).

When applying Equations (3.1)–(3.3), the complex modulus (E*) and complex

Poisson’s ratio (n*) are calculated as follows:

E� ¼ sAax
eAax

ej’E ¼ E�j jej’E (3.4)

n� ¼�eArad
eAax

ej’n ¼ n�j jej’n (3.5)

where jE*j is the norm of complex modulus, jn*j is the norm of Poisson’s ratio, and j is
the complex number defined by j2¼�1.

Depending on the performed analysis and available measurements, complex mod-

ulus E* and complex Poisson’s ratio n* may be obtained in different directions.
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Figure 3.4 Example of measured axial stress (s1), axial strain (e1), and radial strain (e2)
(two cycles at 0.1 Hz) on a bituminous mixture (BBSG, “Béton Bitumineux Semi-Grenu,”

according to the French classification with 5.7% pure 50/70 bitumen) (Nguyen et al., 2012).
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3.3 Example of 3D linear viscoelastic (LVE) experimental
results on bituminous mixtures

Different bituminous materials have been tested with the equipment presented in

Section 3.2, produced with or without recycled asphalt pavement, recycled asphalt

shingles, and additives (e.g., polyphosphoric acids, polymers), and with different

manufacture processes (e.g., hot, warm, half-warm).

In this section, no exhaustive results for the different materials are exposed. Some

examples are given in order to describe general common observed tendencies. Other

results with different bituminous materials are also shown in following sections.

Hereafter, complex modulus test results are presented for a classic bituminous mix-

ture made with 15% reclaimed asphalt pavement (RAP), and performance-grade (PG)

58-28 added bitumen, for a 5.02% total bitumen content (Tapsoba, 2012; Tapsoba

et al., 2014). These results show the influence of temperature and frequency on com-

plex Young’s modulus jE*j and complex Poisson’s ratio jn*j, as well as their respec-
tive phase angles ’E and ’n.

Figures 3.5 and 3.6 show, respectively, isothermal curves of the norm of complex

Young’s modulus E* and complex Poisson’s ratio n* and isothermal curves of their

phase angles.

E* results are classic. It may be seen that the norm of the Poisson’s ratio jn*j is not a
constant, as generally admitted in the literature. jn*j varies between about 0.10 for

high frequencies and/or low temperatures and 0.36 for low frequencies and/or high

temperatures. It decreases when temperature decreases and when frequency increases.

In addition, the phase angle of Poisson’s ratio ’n varies between about 0° and�7°.
This phase angle is very small and negative but not nil, as it is generally supposed in

the literature. The obtained negative values indicate that the radial strain is slightly late

compared with axial strain. This result appears as physically acceptable.

Figure 3.7 shows complex modulus results in Black and Cole–Cole diagrams.

These representations are classic for a complex Young’s modulus. They are extended

to the results of the complex Poisson’s ratio in Figure 3.8. The fact that a unique curve
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Figure 3.5 Isothermal curves of norm and phase angle of complex Young’s modulus for a

bituminous mixture (Test R15S0(58-28)_C3) (Tapsoba, 2012; Tapsoba et al., 2014).

64 Advances in Asphalt Materials



|n
* |

j n
 (

°)

0.1

0.2

0.3

0.4

Frequency (Hz)

−29.0 °C

−19.6 °C

−9.9 °C

−0.1 °C

9.6 °C

19.2 °C

19.2 °C

28.9 °C

38.3 °C

Test: R15S0(58-28)_C3

0.01 0.1 1 10 100 0.01 0.1 1 10 100

−6

−3

0
Test: R15SG0(58-28)_C3

Frequency (Hz)

−29.0 °C

−19.6 °C

−9.9 °C

−0.1 °C

9.6 °C

19.2 °C

19.2 °C

28.9 °C

38.3 °C

Figure 3.6 Isothermal curves of norm and phase angle of complex Poisson’s ratio for a

bituminous mixture (Test R15S0(58-28)_C3) (Tapsoba, 2012; Tapsoba et al., 2014).

0

1000

2000

3000

4000

−29.0 °C −19.6 °C

−9.9 °C −0.1 °C

9.6 °C 19.2 °C

19.2 °C 28.9 °C

38.3 °C

Test: R15S0(58-28)_C3

−29.0 °C

−19.6 °C

−9.9 °C

−0.1 °C

9.6 °C

19.2 °C

19.2 °C

28.9 °C

38.3 °C

Test: R15S0(58-28)_C3

10,000 20,000 30,000 40,000 10 20 30 40 50
101

102

103

104

105

|E
* | 

(M
P

a)

E1 (MPa)

E
2 

(M
P

a)

jE (°)

Figure 3.7 Complex Young’s modulus for a bituminous mixture in Cole–Cole and Black

spaces (Test R15S0(58-28)_C3) (Tapsoba, 2012; Tapsoba et al., 2014).
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(Test R15S0(58-28)_C3) (Tapsoba, 2012; Tapsoba et al., 2014).

Tridimensional linear viscoelastic behavior 65



could be defined in these axes shows that the time–temperature superposition princi-

ple is verified. Many studies confirm that the unidirectional LVE behavior (complex

Young’s modulus E* or complex shear modulus G*) of bituminous materials is ther-

morheologically simple (i.e., the time–temperature superposition principle (TTSP)

is verified) as a good approximation (Di Benedetto et al., 2004, 2007a, 2011;

Di Benedetto and Corté, 2005; Airey et al., 2003; Delaporte et al., 2007). For a com-

plex Young’s modulus, it is therefore possible to obtain

E� T1, f1ð Þ ¼ E� T2, f2ð Þ (3.6)

with two different couples of temperature and frequency.

As shown in Figure 3.8, and also in recent studies carried out at the University of

Lyon/ENTPE laboratory, the TTSP can be extended to the tridimensional case:

n� T1¢, f1¢ð Þ ¼ n� T2¢, f2¢ð Þ (3.7)

The TTSP allows one to plot a unique master curve for the norm as well as the phase

angle of the complex modulus at any chosen reference temperature (Tref). The follow-
ing relationship can be written:

E� T, aTE fð Þ ¼ E� Tref , fð Þ (3.8)

with aTE, called the shift factor, depending only on the temperature (aTE¼1 for

T¼Tref). The shift factor aTE corresponds to the shifting value along the frequency

axis. The complex modulus master curves (norm and phase angle) obtained are plotted

in Figure 3.9 (considering aTE shift factors) for Tref¼9.6 °C.
It is worth noting that, as already explained, results of the unidirectional case can be

extended to the 3D case. Figure 3.10 shows that a master curve can also be plotted for a

complex Poisson’s ratio:
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Figure 3.9 Experimental values of E* and master curves plotted at the reference temperature

of 9.6 °C (Test R15S0(58-28)_C3) (Tapsoba, 2012; Tapsoba et al., 2014).
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n� T, aTnfð Þ ¼ n� Tref , fð Þ (3.9)

Furthermore, the obtained shift factors for Poisson’s ratio (aTn) can be considered

identical to shift factors (aTE) obtained for the complex Young’s modulus (E*):

aT ¼ aTn ¼ aTE (3.10)

Shift factor aT values are plotted in Figure 3.11 and fitted with the classic William,

Landel, and Ferry (WLF) equation (Ferry, 1980).

3.4 3D LVE modeling: two springs, two parabolic
elements, one dashpot (2S2P1D) model

3.4.1 Description of tridimensional 2S2P1D model

Extensive works performed at the University of Lyon/ENTPE laboratory on the LVE

properties of bituminous binders and mixes (Di Benedetto and Yan, 1994; Di

Benedetto and Neifar, 2002; Di Benedetto et al., 2004, 2007b; Neifar and Di
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Benedetto, 2001; Olard and Di Benedetto, 2003; Olard et al., 2003; Olard and Di

Benedetto, 2005; Tiouajni et al., 2011; among others) allowed the formulating of a

general unidirectional (1D) LVE model with a continuum spectrum called

2S2P1D. This model, based on a combination of simple physical elements, is pre-

sented in Figure 3.12a. From measured complex Poisson’s ratio data, a tridimensional

generalization of the two springs, two parabolic elements, one dashpot (2S2P1D)

model is presented hereafter.

The 2S2P1D model consists of a generalization of the Huet–Sayegh model (Huet,

1963). It has been shown in several previous publications (Di Benedetto et al., 2004;

Delaporte et al., 2007; Olard andDi Benedetto, 2003, Olard et al., 2003) that the model

is capable of simulating the LVE behavior (in the small-strain domain) of bituminous

binders, mastics, and mixes, over a very wide range of frequencies and temperatures.

The complexmodulus expression of the 2S2P1Dmodel is given in Equation (3.11).

It requires only seven constants (E00, E0, d, k, h, �, t) at a given temperature. The influ-

ence of some parameters on the 2S2P1D model is represented in Figure 3.13.

E�
2S2P1D jotð Þ¼E00 +

E0�E00

1 + d jotð Þ�k
+ jotð Þ�h

+ jobtð Þ�1
(3.11)

where

– j is the complex number defined by j2¼�1;

– o is the pulsation, so that o¼2pf (f is the frequency);
– k, h are constants with 0�k�h�1;

– d is a constant;

– E00 is the static modulus, which is the value of E* when o tends toward 0 (o!0);

E00

(a) (b)

E *
v lE *

vEv
nv

ne
E0-E00

Ee

k

h

h

Figure 3.12 (a) Analogical scheme of 2S2P1D model (k and h represent parabolic

elements) and (b) equivalent analogical scheme of 2S2P1Dmodel with possible extension to 3D

modeling (Pouget, 2011).
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– E0 is the glassy modulus, which is the value of E* when o tends toward infinity (o!1);

– � is Newtonian viscosity, defined as �¼ (Ε0�Ε00)bt;
– t is the characteristic time, whose value varies only with temperature. t evolution may be

approximated by a WLF-type law in the range of considered temperatures. It accounts for

the time–temperature superposition principle: t(T)¼aΤ(T)t0, where aT(T) is the shift factor
at temperature T. t0¼t(Tref) is determined at Tref.

The shift factor at temperature T, aT(T), can be determined by means of the WLF

Equation (3.12) for bituminous materials.

log aTð Þ¼�C1 T�Trefð Þ
C2 + T�Tref

(3.12)

It has to be emphasized that only seven constants (E00, E0, d, k, h, �, t) are needed to

entirely determine the LVE behavior of the considered material at a given tempera-

ture. If the hypothesis of a LVE thermorheologically simple behavior can be applied to

the considered materials (which means the time–temperature superposition principle

is validated), only parameter t depends on temperature. If the TTSP holds, the two

additional constants C1 and C2 (calculated at the reference temperature Tref with
the WLF equation) are needed. Then, the total number of constants of the unidirec-

tional expression of the model amounts to nine.

A generalization of the 2S2P1D model for the three-dimensional case (3D

2S2P1D) is proposed in Figure 3.12b and Equation (3.19).

The analogical representation of the 3D 2S2P1D model is given in Figure 3.12b,

assuming an isotropic behavior. For isotropic LVE materials, only the expression of

complex Poisson’s ratio n* is needed. The representation in Figure 3.12b is equivalent
to the classic one presented in Figure 3.12a, if the following relationships between

parameters are verified:

O
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h

Imaginary part of  E*

k
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Experimental data

2S2P1D model

Figure 3.13 Influence of 2S2P1Dmodel parameters on a complex modulus in Cole–Cole space

(Di Benedetto et al., 2004).
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Ee ¼E0 (3.13)

Ev ¼ E0E00

E0�E00

(3.14)

l¼ E0

E0�E00

� �2

(3.15)

In Figure 3.12b, ne and nv are, respectively, the values of Poisson’s ratio (real number)

for the upper part (purely elastic) and the lower part (viscoelastic) of the model.

Complex Poisson’s ratio is then expressed by

v�2S2P1D oð Þ¼ vv + ve� vvð ÞE
�
2S2P1D oð Þ

E0

(3.16)

with the following adequate values:

ve ¼ v0 (3.17)

vv ¼ v00E0� v0E00

E0�E00

(3.18)

Thus, the proposed expression for complex Poisson’s ratio n* is given in

Equation (3.19).

n�2S2P1D� n0
n00� n0

¼ 1

1 + d jotð Þ�k
+ jotð Þ�h

+ jobtð Þ�1
(3.19)

where only two new constants are added:

– n00, which is the value of n* when o tends toward 0 (o!0);

– n0, which is the value of n* when o tends toward infinity (o!1).

The other constants are the same as in Equation (3.14).

From Equations (3.14) and (3.16), it can be checked that the global expression of

the 2S2P1D model in the 3D case for isotropic LVE material requires 11 constants.

This model allows the simulating of any loading conditions, including temperature

changes.

3.4.2 Examples of modeling for different bituminous materials

The 2S2P1D model has been widely used and has shown its ability to model the LVE

behavior of several bituminous materials. Some examples are given here.

In the framework of a research project supported by the French National Research

Agency, roller-compacted concrete (material with hydraulic binder) with and without

RAP was studied (Bilodeau, 2012). Results of five different materials are presented
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and modeled with the 2S2P1D model. The first is a classic high-modulus mixture

(“Enrobé à Module Elevé” (EME)). The second is RAP-extracted binder. The third

and fourth materials are roller-compacted concretes containing, respectively, about

40% and about 80% of RAP. Their hydraulic binder content is equal to 12% and their

bitumen content (coming from RAP) is, respectively, equal to 1.4% and 3%. The fifth

material (called ERTALH as a company product) is also a material treated with

hydraulic binder, containing about 80% RAP. Its hydraulic binder content is only 5%.

In Figure 3.14, a measured complex Young’s modulus and 2S2P1D fitting curves

in Cole–Cole space are presented. In Figure 3.15, corresponding master curves are

shown. Parameters of the 2S2P1D model are given in Table 3.1 for each material.
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Figure 3.14 Complex modulus data and 2S2P1D modeling in Cole–Cole space for

different bituminous materials: high-modulus mixture (EME); RAP1-extracted binder;

roller-compacted concrete with 0%, 40%, and 80% RAP (named, respectively, FRCC 0% RAP,

FRCC 40% RAP, and FRRC 80% RAP); and ERTALH® with two different RAP (RAP1

and RAP2) (Bilodeau et al., 2010, 2012).
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It is remarkable that the 2S2P1D model simulates very well all these very different

types of materials.

As explained before, the 2S2P1D model could also be used for complex Poisson’s

ratio simulation. As an example, some results obtained for materials studied in a

research project (also supported by the French National Research Agency) dealing

with bituminous materials for orthotropic bridge deck surfacing are presented

(Pouget, 2011). Three different types of bituminous materials were studied, along with
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Figure 3.15 Complex modulus data and 2S2P1D modeling master curves for different

bituminous materials: high-modulus mixture (EME); RAP1-extracted binder; roller-compacted

concrete with 40% and 80%RAP (named, respectively, FRCC 40%RAP and FRRC 80%RAP);

and ERTALH® with two different RAP (RAP1 and RAP2) (Bilodeau et al., 2010, 2012).
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Table 3.1 2S2P1D model parameters for bituminous materials presented in Figures 3.14 and 3.15:
high-modulus mixture (EME), RAP1 extracted binder, roller-compacted concrete with 40% and
80% RAP (FRCC 40% RAP and FRRC 80% RAP), and ERTALH® (with two different RAP materials
(RAP1 and RAP2))

Materials E00 (MPa) E0 (MPa) k h d Tau Beta C1 C2

RAP1-extracted binder 0 2625 0.13 0.35 1.5 0.00002 100,000 25.8 187.3

F40% RAP1 15,000 35,000 0.13 0.35 1.5 300 100,000 29.3 250.5

F80% RAP1 11,000 27,500 0.13 0.35 1.5 175 100,000 28.8 243.1

ERTALH RAP1 5250 15,150 0.13 0.35 1.5 135 100,000 27 246

F80% RAP2 11,250 27,500 0.165 0.43 2.6 1122.6 10,000 472 3656

ERTALH RAP2 5700 16,750 0.165 0.43 2.6 2230 10,000 472 3656

Bilodeau et al. (2010, 2012)
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two binders (a polymer-modified binder Orthoprene® and a pure 50/70 penetration-

grade bitumen, B5070); two mixtures made with these binders, respectively, called

Orthochape® (used for the Millau Viaduct in France, the highest bridge in the world

at its opening in 2006) and E5070; and a bituminous mastic of Paraforpont® sealing

sheet (to be used between the steel deck and the bituminous surfacing). The complex

Poisson’s ratio was measured for both mixtures.

Master curves for the complex modulus and complex Poisson’s ratio are presented

in Figures 3.16 and 3.17, respectively, as well as 2S2P1D modeling, for the studied

materials. As shown before, the 2S2P1D model gives very good results for the com-

plex modulus. It is also able to model very well the complex Poisson’s ratio. Some

scattering appears for the phase angle of materials containing polymer (Orthoprène®

binder, Orthochape® mixture, and also Paraforpont®). Because of the presence of

polymer, TTSP is not valid at high temperature. As TTSP is assumed valid for model-

ing, 2S2P1D simulations are not correct in this domain.
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Figure 3.16 Complex modulus measured data and 2S2P1D modeling master curves for

different bituminous materials: two binders (B5070 and Orthoprène®), two corresponding

mixtures (E5070 and Orthochape®), and bituminous mastic of sealing sheet (Paraforpont®)

(Pouget et al., 2010; Pouget, 2011).
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Presented results give some convincing examples of the ability of the 2S2P1D

model to simulate the 3D LVE behavior of bituminous materials. They also show that

some parameters of the model (k, h, d) for mixtures are directly inherited from the

binder. The next section deals with this subject.

3.5 Determining 3D LVE bituminous mixture properties
from LVE binder properties

Many researchers have focused on the prediction of a mixture–complex modulus from

binder properties. For practitioners, this would be a very useful tool to spare testing

time. This is also an interesting topic for researchers in order to better understand the

complex behavior of mixes. A considerable amount of work has already been done

and presented in the literature to relate binder and mix moduli for a given mix design

(Lytton et al., 1993; Franken and Vanelstraete, 1995; Zeng et al., 2001; Olard and Di

Benedetto, 2003; Di Benedetto et al., 2004; among others). However, the relationships

between binder and mixture moduli are often valid over a narrow range of frequencies

and temperatures, or even only for one type of given mixture. For very different con-

ditions of temperature and frequency, or different mixes, these relationships are no

longer valid.

In this section, a method to determine 3D LVE bituminous mixtures from LVE

binder properties is presented. The obtained relationship is based on the developments

made by Di Benedetto and Olard for both phase angle and norm of the complex mod-

ulus (Di Benedetto et al., 2004). An extension is proposed to the tridimensional behav-

ior of mixtures. Even though this relationship was developed with the help of the

2S2P1D model, presented in Section 3.4, it is independent of any rheological model.

3.5.1 Normalized LVE parameters from complex modulus tests

From complex modulus tests, it is possible to determine LVE parameters, complex

Young’s modulus E*, and complex Poisson’s ratio n*. One might normalize these

parameters with the following expressions:

E�
norm ¼E� �E00

E0�E00

(3.20)

n�norm ¼ n� � n00
n0� n00

(3.21)

With the same notation used in Section 3.4, parameters E00, n00 correspond to the

asymptotic values (when o tends toward 0), and the parameters E0, n0 correspond

to the asymptotic values (when o tends toward infinity) of, respectively, E* and n*.
An example of these normalized parameters is given in Figure 3.18. Enorm* is repre-

sented in Cole–Cole space, namely the imaginary part of Enorm* in a function of the real

part of Enorm*, for four different materials already presented in Section 3.4.
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The same observation has been made by Mangiafico et al. (2013) on bituminous

mixtures containing 20% RAP and their corresponding binders (blend of RAP-

extracted binder and fresh binder mixed in the laboratory). Some results are presented

in Figure 3.19. Binders were tested using dynamic shear rheometer (DSR) at high

temperature (�10 °C) and Metravib tension/compression tests at low temperature

(�10 °C).
From such results, it has been concluded that when plotted in a Cole–Cole diagram,

normalized moduli of materials produced with the same binder generate curves that

superpose with each other. This confirms that time and temperature dependency of

these materials originates from binder behavior, regardless of the aggregate skeleton.

This is the basis of the method developed by Olard and Di Benedetto (2003) to deduce

a mixture–complex modulus from binder one. An extension to complex Poisson’s

ratio of mixtures was proposed by Pouget et al. (2010).
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(E5070 and Orthochape®) and their corresponding binders (B5070 and Orthoprène®)

(see Section 3.4) (Pouget et al., 2010; Pouget, 2011).
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3.5.2 ENTPE transformation, SHStS: from binder to mixture
properties

The following relationships among mixture–complex modulus (Emix* ), mixture–

complex Poisson’s ratio (nmix* ), and binder–complex modulus (Ebinder* ) are proposed:

E�
mix o, Tð Þ¼E00_mix + E�

binder 10
ao,Tð Þ�E00_binder

� � E0_mix�E00_mix

E0_binder�E00_binder
(3.22)

n�mix o, Tð Þ¼ n00_mix + E�
binder 10

ao,Tð Þ�E00_binder
� � n0_mix�n00_mix

E0_binder�E00_binder
(3.23)

Only five constants are required when binder characteristics (E0_binder, E00_binder) are

known:

– E00_mix and n00_mix, which correspond to the asymptotic values (when o tends toward 0) of

E* and n* of the bituminous mixture.

– E0_mix, n0_mix, which correspond to the asymptotic values (wheno tends toward infinity) of

E* and n* of the bituminous mixture.

– a, which is a parameter depending on the considered mix design and binder aging occurring

during mixing.

It should be underlined that both Equations (3.22) and (3.23) are very simple and cover

the whole range of frequency (or pulsation o) and temperature (T).
Because E00_binder is nil for pure binders, and in most cases negligible compared to

E0_binder, the following simplified formulae can be considered:

E�
mix o, Tð Þ¼E00_mix +E

�
binder 10

ao,Tð ÞE0_mix�E00_mix

E0_binder
(3.24)

n�mix o, Tð Þ¼ n00_mix +E
�
binder 10

ao,Tð Þn0_mix� n00_mix

E0_binder
(3.25)

As a matter of fact, these equations correspond to a simple geometric transformation

of the binder curve in the Cole–Cole plane. Figure 3.20 explains how to obtain a prac-

tically complex modulus and complex Poisson’s ratio of the mix from a binder-

complex modulus. Starting from binder–complex modulus Ebinder* (o, T) at any given

pulsation o and temperature T, three steps have to be carried out to obtain mix mod-

ulus E�
mix 10�ao, Tð Þ (respectively n�mix 10�ao, Tð Þ) at a pulsation equal to 10�ao and

at the same temperature T:

(i) A negative translation along the real axis of value E00_binder (we also can consider

E00_binder � 0 and skip this step if the frequency is not too low).

(ii) A homothetic expansion from the origin with a ratio of
E0_mix�E00_mix

E0_binder�E00_binder
for the complex

modulus (respectively,
n0_mix� n00_mix

E0_binder�E00_binder
for Poisson’s ratio).

(iii) A positive translation along the real axis of value E00_mix (respectively, n00_mix).
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In summary, on a common Cole–Cole plan, the relationship corresponds to the

sequence of a shift along the horizontal axis, a homothetic transformation, a shift

of characteristic time, and a second shift along the horizontal axis. For this reason,

it is called SHStS (Shift-Homothety-Shift and time-Shift) transformation.

The complex modulus of any bitumen is therefore sufficient to predict the LVE

properties of the corresponding mix.

Some examples of simulation using SHStS transformation and E* data of bitumen

or bitumen blend contained in the mixtures are presented in Figures 3.21–3.23, respec-

tively, for mixture E5070made with B5070 pure bitumen, mixture Orthochape®made

with the polymer-modified bitumen Orthoprène®, and a mixture made with 20% RAP

and a 35–50 penetration fresh-added bitumen.

For mixture E5070 (Figure 3.21), the simulation gives remarkably good results for

E* as well as for n*, with a relative error lower than 10% for both norms of these

parameters.

In Figure 3.21, it can be observed that Orthochape® mix and Orthoprène® bitumen

do not conform very well to TTSP at high temperatures. This is a classic result

explained by the high content of polymer. However, the predicted curves describe

quite well the evolution of the complex modulus and of complex Poisson’s ratio.

The relative difference between predicted and experimental values of the norms

jE*j and jn*j for Orthochape® mix, on the wide considered frequency–temperature

range, remains for most of the data below 30%.

Figure 3.23 shows that SHStS transformation is also valid for a mixture with 20%

RAP, provided that data from the blend of RAP-extracted bitumen and fresh bitumen

are used for simulation. This also indicates a good blending between bitumen inside

the mixture.
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Figure 3.20 Schematic representation of the SHStS transformation, to obtain mixture

properties from binder in Cole–Cole space (Pouget et al., 2010; Pouget, 2011).
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3.6 Determination of 3D LVE properties with acoustic
wave propagation

Ultrasonic (US) wave propagation has been widely studied with various geomaterials

like concretes and sands, but not developed as much for bituminous mixtures. Even

though some studies have been proposed on the subject (Di Benedetto et al., 2009;

Hochuli et al., 2001; Kweon and Kim, 2006; Mounier et al., 2012; Norambuena-

Contreras et al., 2010), further developments are still needed to interpret the data,

in particular considering the viscous properties of such materials. US wave propaga-

tion methods have the advantage of being nondestructive. Moreover, the equipment

used for these tests is much cheaper than traditional machines used to characterize

mechanical behavior of bituminous mixtures. The tests are quite simple and quick

to carry out. All these aspects make the methods very interesting and justify their

development, which could be eventually adapted for pavement investigations.

Two methods are presented in this chapter. The first is called “Direct measurement

of flying time,” and can be used with compression “P” waves and shear “S” waves.
The second method, called “Impact Resonance (IR) test,” is applied to compression

waves and is based on the phenomenon of resonance. Some authors used this method

for bituminous mixtures (Kweon and Kim, 2006; Lacroix et al., 2009).
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Figure 3.21 LVE properties of E5070 mixture at the reference temperature Tref¼10 °C:
experimental data and prediction from SHStS transformation using the experimental data of

B5070 bitumen (Pouget et al., 2010; Pouget, 2011).

Tridimensional linear viscoelastic behavior 79



–3

–2

–1

0

f ν
 (°

)
f E

 (°
)

|n
*|

|E
*|

 (M
P

a)

1

2

0

10

20

30

40

50

60

70

80

3

0.30

0.25

Predicted Orthochape®

Predicted Orthochape®

Predicted Orthochape®

Orthochape®

2S2P1D

Orthochape®

Orthochape®

Orthoprène®

Orthoprène®

2S2P1D

2S2P1D

Predicted Orthochape®

Orthochape®

2S2P1D

0.35

0.40

0.45

0.50

Tref=10 °C

Tref=10 °C

Tref=10 °C

Tref=10 °C

aT 
* frequency (Hz)

aT 
* frequency (Hz)aT 

* frequency (Hz)

aT 
* frequency (Hz)

10910710510310110–110–3

10–3

10–2

10–1

100

101

102

103

104

105

10–510–710–9 1011

10910710510310110–110–310–510–710–9 1011 10910710510310110–110–310–510–710–9 1011

10910710510310110–110–310–510–710–9 1011

Figure 3.22 LVE properties of Orthochape® mixture at the reference temperature Tref¼10 °C:
experimental data and prediction from SHStS transformation using the experimental data of
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Figure 3.23 Complex modulus of mixture made with 20% RAP and 35–50 penetration

fresh-added bitumen (Tref¼14.2 °C): experimental data and prediction from SHStS

transformation using experimental data obtained for the corresponding binder blend (DSR

and Metravib tests) (Mangiafico, 2014; Mangiafico et al., 2013).
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3.6.1 Direct-measurement flying-time method

As an introduction, the theoretical study of plane wave propagation in isotropic LVE

materials is introduced and related to the rheological parameters of bituminous

mixtures.

Several sorts of waves may exist within or at the surface of a specimen, depending

on their type (e.g., compression, torsion, bending). Only volumetric plane waves are

considered, which can be either compression “P” waves, or shear “S” waves.

As the amplitude of the strains created by the waves is less than 10�6 m/m, it can be

considered that the bituminous mixtures behave like viscoelastic materials

(Di Benedetto et al., 2011).

The two types of sinusoidal plane waves that propagate in a linear isotropic visco-

elastic material match Equation (3.26) for “P” waves and Equation (3.28) for “S”

waves.

uP x, t
� �¼ uP0 e

�o
x�ptan ’

2ð Þ
CP e

io t�
x�p
CP

� 	
(3.26)

uP is the particle displacement, uP0 the initial particle displacement, x the position vec-

tor, p the propagation vector of the wave, and t the time. The velocity of the compres-

sion waves CP is given by Equation (3.27):

CP ¼ 1

cos
’

2

� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� nð Þ E�j j
1 + nð Þ 1�2nð Þr

s
(3.27)

For shear waves “S,” it is

uS x, t
� �¼ uS0 e

�o
x�ptan ’

2ð Þ
CS e

io t�
x�p
CS

� 	
(3.28)

with uS the particle displacement, uS0 the initial particle displacement, and CS the

velocity of the shear waves given by Equation (3.29):

CS ¼ 1

cos
’

2

� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E�j j
2 1 + nð Þr

s
(3.29)

The value of Poisson’s ratio n is considered constant in Equations (3.27) and (3.29).

The two velocities (CP and CS) are the physical properties that are experimentally

measured.

In order to evaluate the velocity CP or CS of the waves, two piezoelectric com-

pression sensors are placed on opposite sides of samples (Figure 3.24). Tested samples

are placed ona softmaterial (polystyrene) to prevent unexpectedwaves from reflecting.
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An electric signal is sent to one sensor (called “transmitter”), which creates a com-

pression or shear wave within the sample. This wave propagates and is received by the

second sensor (called “receiver”). Examples of sent and received electric signals to

and from piezoelectric sensors are shown in Figure 3.25.

Signals recorded by both sensors are monitored to determine the wave flying time

TP or TS (Figure 3.25) necessary to cover the distance L within the sample. For com-

pression waves, the very first deviation of both signals is considered to determine TP.

Soft material
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Horizontal
pressure

Figure 3.24 Positioning of the sample and sensors for the direct measurement of flying-time

method for compression waves (top) and shear waves (bottom) (Di Benedetto et al., 2009;

Mounier et al., 2012).
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Figure 3.25 Example of emitted and received recorded signals (received signal is the average

of 256 pulses) and determination of propagation time for compression and shear waves

(Mounier et al., 2012).
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For a shear wave, the arrival of the wave is considered at the first minimum of the

signal. The velocity of waves is then computed as CP¼L/TP and CS¼L/TS.
Regarding frequency, a Fourier transformation of the receiver sensor signal gives a

peak frequency considered for the analysis. For the used sensors, the value is about

137 kHz for compression waves and 12 kHz for shear waves (Figure 3.26).

3.6.2 Impact resonance method

This method uses the phenomenon of resonance of the compression waves. The prin-

ciple of this test is simply to induce an excitation at one end of the specimen with a

shock, and to monitor the amplified response captured by a piezoelectric sensor placed

at the opposite side. A Fourier transformation of the output signal is performed to

determine the resonant frequency fr, which is required to characterize material behav-

ior. Different types of waves actually propagate within the sample, but only compres-

sion plane waves, which are the fastest ones, are considered. A great number of waves

of different wavelengths exist in the sample after the impact. Resonance is created by

waves having a wavelength of L¼l/2 that amplify at each reflection on the boundaries

of the sample.

The theoretical analysis of resonant waves in LVE materials is based on the equa-

tions developed for elastic materials, and introduces correction coefficients that are

calculated following the types of sample and material. As a first approximation, these

coefficients could be neglected because the correction is very small. The resonant

compression wave velocity is calculated as

Vc ¼ frl (3.30)

where fr is the resonant frequency and l the considered wavelength, equal to 2L.
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Figure 3.26 Fourier analysis of the receiver sensor signal for compression (left) and shear

(right) waves (same tests as Figure 3.25) (Mounier et al., 2012).
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The norm of the complex modulus is calculated as

E�j j ¼ rV2
c (3.31)

As thematerial is viscoelastic, the wave is damped all along its propagation. The phase

angle can then be calculated from the logarithmic decrement dmeasured between two

peaks of the recorded signal (Figure 3.28).

’¼ 2: arctan
d
2p

(3.32)

The experimental device used by Mounier et al. (2012) consists in exciting the sample

with the impact of a stiff ball (made of glass, having a 16-mm diameter and 5.5-g

mass). A piezoelectric compression sensor placed on the other side of the sample

receives the wave. The experimental setup is presented in Figure 3.27. An example

of a recorded signal during the IR test and the associated Fourier transform are pre-

sented in Figure 3.28.

Specimen

Glass ball

Piezoelectric
compression wave
sensor

Figure 3.27 Experimental device for the IR test (compression waves) (Mounier et al., 2012).
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Figure 3.28 Example of the recorded signal during the IR test at 20 °C and Fourier

transformation of the signal (Mounier et al., 2012).
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3.6.3 Results: TTSP validity at high frequency and 3D LVE
parameters

Results of an experimental campaign are exposed as an example of more generally

obtained results on bituminous mixtures (Di Benedetto et al., 2009). The tested mate-

rial is a classic French mixture (“Béton Bitumineux Semi-Grenu” (BBSG) type), with

6% of bitumen by weight of aggregates and 96% compacity. Tested samples are cylin-

drical, with a length (L) of about 120 mm and a diameter (D) of 75 mm.

One sample was used to carry out the classic complex modulus test (in the quasi-

static regime), and data were fitted with the 2S2P1D model. A second sample was

used to perform US wave propagation, with both presented methods at the tempera-

tures of �19, 0, 20, and 40 °C.
A complex modulus master curve is presented in Figure 3.29 in order to compare

graphically the results obtained with both methods to the tension/compression com-

plex modulus test results performed on the duplicate specimen and to the rheological

2S2P1D model. The chosen reference temperature is 0 °C.
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Figure 3.29 Complex modulus master curve for bituminous mixture at a reference temperature

of 0 °C with values from the Tension–compression test performed on the duplicate specimen,

2S2P1D modeling, direct measurement of flying time (in red), and impact resonance test

(in blue) (Di Benedetto et al., 2009).
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Two parameters (phase angle of complex modulus and Poisson’s ratio) are needed

to calculate a complex modulus value from measured flying time. In this example,

they were estimated with a fitted 2S2P1D model. On the contrary, interpretation of

the IR test does not require such parameters.

Both direct measurement of flying time and the IR test provide good values of the

complex modulus for a wide range of equivalent frequencies, with a relative error

globally lower than 20% in relative value. The shift factors used to plot the master

curves for both methods are those obtained experimentally during complex modulus

tests. This shows that the time–temperature superposition principle is valid at high

frequencies.

Furthermore, propagation of US shear waves was also used in this campaign to

determine experimentally the Poisson’s ratio of the mixtures. Considering the theo-

retical relations that link compression and shear wave velocities with the material

parameters (Equations (3.27) and (3.29)) for isotropic materials, the following rela-

tionship can be found for a fixed temperature:

CP fð Þ
CS fð Þ¼

tS fð Þ
tP fð Þ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� nð Þ
1�2nð Þ

s
(3.33)

where tS and tP are the flying times of shear and compression waves, respectively, at a

frequency f.
The measurements of the compression wave flying time are performed at a fre-

quency of 137 kHz, which is different from the shear wave one (12 kHz). These fre-

quencies are imposed by the characteristics of the “P” wave and “S” wave sensors.

However, Equation (3.33) requires measurements of compression and shear wave fly-

ing times at the same frequency “f” in order to obtain the Poisson’s ratio for this fre-

quency “f.”
A first calculation was considered without taking into account the frequency dif-

ference between “P” and “S” waves (137 and 12 kHz, respectively). The obtained

results have shown that complex Poisson’s ratio could be estimated with relative

errors lower than 30%. If the 2S2P1D model is used to determine the value of TP
at the frequency of 12 kHz (to coincide with the frequency of shear waves), the rel-

ative errors become lower than 10%.

3.7 Anisotropy

A classic hypothesis of isotropic behavior is made for the bituminous mixtures. This

enables one to describe their LVE behavior with only two parameters: the complex

modulus and the Poisson’s ratio (which is also usually considered a constant real num-

ber). This simplification should be verified, and is not obvious or commonsensical

when considering the classic compaction method for pavement. With the presented

developed testing method, isotropy hypothesis has been investigated, first by
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measuring the complex modulus and second by measuring the complex Poisson’s

ratio, both in different directions.

3.7.1 Complex modulus anisotropy

In order to investigate anisotropy of bituminous mixtures, wave propagation tests can

be performed in different directions. First, this method was used on parallelepipedic

specimens sawn into plate (60	40	15 cm3) made using the French LPCwheel com-

pactor (according to European standard EN12697-33:2003+A1:2007, AFNOR,

2007b). Orientation of the sample relative to the compactor wheel displacement is

indicated in Figure 3.30. X direction corresponds to the displacement of the wheel,

Z is the vertical direction, and Y is perpendicular to X and Z. The dimensions of

the specimen are indicated in Table 3.2.

Wave propagation tests and interpretation using the back analysis presented in

Section 3.6 were done for specimens in directions X, Y, and Z at a temperature of

26 °C. As the obtained anisotropy is less than 15% (see results below), the hypothesis

of isotropy could still be considered with a good approximation for the dynamic back

analysis. The Poisson’s ratio and the phase angle of parallelepipedic samples, which

are unknown, were evaluated to f¼10° and n¼0.3. From these values and the

dynamic tests, the complex modulus can be determined using previously presented

methods. Values of propagation times, velocities of the P waves, and the obtained

complex modulus are given in Table 3.2.

Z

Y

X

Figure 3.30 Parallelepipedic specimen sawn into plate made with the French LPC compactor.

X, Y, and Z orientations are given from vertical direction and wheel displacement (Di Benedetto

et al., 2009).

Table 3.2 Values of propagation time, velocity of P waves,
and obtained complex modulus for the parallelepipedic specimen
(T526 °C)

Direction of wave propagation Tp (ms) L (cm) CP (m/s) jE*j (MPa)

X 20.8 7.5 3625.3 23,750

Y 18.3 6.5 3581.6 23,200

Z 21.5 7.1 3284.8 19,500

Di Benedetto et al. (2009).
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It can be seen from Table 3.3 that the complex moduli in directions X and Y are very
close, while the modulus in direction Z is about 10% smaller. It is

E� Xð Þj j � E� Yð Þj j � E� Zð Þj j (3.34)

This last observation reveals that, of the specimens made with the plate compactor, Z
direction is the softest. Other wave propagation tests were also made on specimens

obtained from a gyratory compactor (according to European standard NF EN

12697-31, AFNOR, 2007a), which is also slightly anisotropic, with a stiffer vertical

direction Z. In both cases, this is explained by a different geometrical organization of

the granular skeleton, whose effects are far from negligible.

3.7.2 Poisson’s ratio in different directions

Tension–compression complex modulus tests were performed on parallelepipedic

specimens with the device developed at the University of Lyon/ENTPE (Clec’h

et al., 2009, 2010). Sinusoidal axial and lateral strain were measured with strain

gauges as well as sinusoidal axial stress on specimens obtained from the French wheel

compactor (Figure 3.31a).

Two cases were considered (Figure 3.31b):

– Axial loading applied in the direction of compactor wheel displacement (direction I).

– Axial loading applied in the direction of compaction (direction II).

The bituminous specimens were loaded for different temperatures (from �26.3 to

56.6 °C) at different frequencies (0.01, 0.03, 0.1, 0.3, 1, 3, and 10 Hz for each tem-

perature). The relation between stress and strain inside the parallelepipedic specimen

is defined by the following equation, expressed in axes I, II, and III:

e� ¼M� s�with M� ¼

1

E�
I

� n�III
E�
II

� n�I III
E�
III

�n�II I
E�
I

1

E�
II

� n�II III
E�
III

�n�III I
E�
I

� n�III II
E�
II

1

E�
III

0
BBBBBB@

1
CCCCCCA
, e� ¼

e�I
e�II
e�III

0
@

1
A and s� ¼

s�I
s�II
s�III

0
@

1
A

(3.35)

Complex modulus EI* and complex Poisson’s ratios nII I* and nIII I* were obtained from

the complex modulus test with specimens loaded in direction I. Comparatively, when

the complex modulus test was performed in direction II, it was possible to obtain com-

plex modulus EII* and complex Poisson’s ratios nI II* and nIII II* .

Figure 3.32 shows jEI*j and jEII*j experimental master curves obtained at the refer-

ence temperature of 10 °C and the corresponding master curves obtained with the

2S2P1D model. On Figure 3.32, jEI*j and jEII*j values (23,750 and 19,500 MPa)

obtained from wave propagation tests presented previously on the same bituminous
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Table 3.3 2S2P1D model parameters for bituminous materials presented in Figures 3.16 and 3.17: two
binders (B5070 and Orthoprène®), two corresponding mixtures (E5070 and Orthochape®), and
bituminous mastic of sealing sheet (Paraforpont®)

Materials E00 (MPa) E0 (MPa) k h d Tau (s) Beta n00 n0 C1 C2

Binder B5070 0 1800 0.20 0.55 1.9 0.0002 500 – – 25 170

Mixture E5070 10 36,000 0.20 0.55 1.9 0.04 100 0.50 0.22 25 170

Binder Orthoprène® 0 3250 0.22 0.60 3.2 1.2e�5 6000 – – 35 218

Mixture Orthochape® 15 41,500 0.22 0.60 3.2 0.005 6000 0.46 0.30 35 218

Sealing sheet Paraforpont® 0.03 1350 0.25 0.52 6 0.005 1e10 – – 17 132

Pouget et al. (2010) and Pouget (2011).
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Figure 3.32 Master curves of jEI*j and jEII*j plotted at a reference temperature of 10 °C and

2S2P1D models (Clec’h et al., 2009, 2010).
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mixture at a temperature of 26 °C and a frequency of about 30,000 kHz are also plot-

ted. The results presented here fit well with wave propagation tests results.

It can be seen that jEI*j and jEII*j are very close for low frequencies, while for high

frequencies, jEII*j is about 10% smaller, which confirms results found with wave

propagation:

E�
I

�� ��� E�
II

�� ��for low frequencies

E�
I

�� ��� E�
II

�� ��for high frequencies
(

(3.36)

For high frequencies, the vertical direction appears softer than the other one. The

anisotropy of the specimens appears more significantly for high frequencies.

With tension–compression complex modulus tests, it was possible to investigate

other LVE parameters such as phase angle and complex Poisson’s ratio.

Figure 3.33 shows f(EI) and f(EII) experimental master curves obtained at a ref-

erence temperature of 10 °C, and the corresponding master curves obtained with the

2S2P1Dmodel.f(EI) andf(EII) are very close, like shift factors aTE I and aTE II. There

are very few differences between the two directions I and II for parameters concerning

viscous effects.

Figure 3.34 shows jnI II* j, jnIII II* j, jnII I* j, and jnIII I* jmaster curves at 10 °C and the cor-

responding master curves obtained with the 2S2P1D model. jnII I* j and jnI II* j are very
close. jnIII I* j is definitely smaller. It must be noticed that this result was also obtained

with another test. jnIII II* j is close to jnII I* j and jnI II* j for the highest frequencies (or the
lowest temperatures) and is higher than the other three for the lowest frequencies (or

the highest temperatures). When the material is not isotropic, it is possible to obtain

Poisson’s ratios higher than 0.5. By analogy with elasticity, to respect physical

considerations about energy conservation, a necessary condition is
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Figure 3.33 Master curves of f(EI) and f(EII) plotted at a reference temperature of 10 °C
and 2S2P1D models (Clec’h et al., 2009, 2010).
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1� n�I II
�� �� n�II I�� ��� n�I III

�� �� n�III I�� ��� n�III II
�� �� n�II III�� ���2j n�II I

�� �� n�III II�� �� n�I III�� ��> 0 (3.37)

From this equation, it is quite easy to verify that Poisson’s ratio could become higher

than 0.5 for anisotropic materials.

3.8 Future developments

Some developments have been described about the LVE behavior of bituminous mate-

rials. As shown, several findings are based on the development of new accurate exper-

imental devices, which allow the investigation of the 3D behavior of materials and

their anisotropy. It is therefore possible to develop new models or improve existing

models to take the observed behavior into account. The next step is to introduce these

models in calculation tools in order to have better insight into real pavement response.

Some phenomena need to be further studied to get a more comprehensive 3D

description of material behavior, such as 3D loading history and stress axes rotation,

for instance. Triaxial tests able to apply confining pressure cycles reaching 10 Hz (as

for axial loading) will be required, as well as some hollow cylinder apparatus with

torsional loading capability or similar tests able to apply loading with stress axes rota-

tion. Concerning experimental advances, some new techniques based on wave prop-

agation are expected to develop in order to describe material behavior on a whole

range of temperatures and frequencies, not only at some specific high frequencies.

For example, it is possible to refer to Gudmarsson et al. (2014), where a promising

spectroscopy analysis method is described. Such advances will enable the develop-

ment of even more accurate modeling in the future.
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4Characterization of asphalt

materials by scanning probe

microscopy

A.T. Pauli, R. Will Grimes, A. Cookman, J. Beiswenger
Western Research Institute, Laramie, WY, USA

4.1 Introduction

4.1.1 Review of scanning probe microscopy imaging
investigations of bituminous materials

Asphalt binders used in the construction of pavements exhibit unique compositional

properties at the micron and nanometer scale. Lesueur (2009) gives both historical

and modern accounts of progress made toward explaining the relationships between

chemical (compositional) and rheological (physical) material properties of asphalt as

related to pavement longevity. Asphalt binders are generally defined as the residuum

from the distillation of petroleum crude stocks. Molecular species that comprise these

materials vary in chemical structure from that of nonpolar waxy and oily type hydro-

carbon molecules to heteroatom-containing condensed polyaromatic ring molecules

(Tissot and Welte, 1984; Yen and Chilingarian, 1994). The chemical composition of

asphalts varies significantly from one crude source to the next (Branthaver et al., 1993).

The Strategic Highway Research Program (SHRP) applied research to address the

problem of the deteriorating condition of US highways. SHRP research directed

toward developing a better understanding of how asphalt chemistry influences perfor-

mance resulted in a microstructure model that related asphalt chemistry to physical

properties. The model predicts a variety of intermolecular associations as largely

responsible for the physical properties of asphalt. This microstructure is assumed

to be a three-dimensional association of polar constituents variously distributed in

a less-polar liquid phase (Halladay, 2007).

The limited usefulness of optical microscopy techniques led some researchers to

try scanning probe microscopy (SPM) techniques in an attempt to characterize asphalt

microstructure. Loeber et al. (1996, 1998) were among the first researchers to inves-

tigate asphalt bitumen with atomic force microscopy (AFM). In this work, asphalt

films prepared on stainless-steel substrates were imaged with AFM and scanning

tunneling microscopy. Force-mode (contact) AFM imaging revealed the development

of small oblong-shaped structures with a rippled interior several micrometers in diam-

eter and tens of nanometers in height. The structures were present in greater number in

gel-type (i.e., higher asphaltene content) asphalts. The authors coined the term

“bumble bees” to describe the structures, which resembled the yellow and black
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stripes of a bumble bee. Other shapes and textures, including networks and spherical

clusters, were also observed. Loeber et al. (1998) also investigated emulsions, describ-

ing the structures in the wet samples as micelle-like, and the dry samples as a network

composed of the residue of surfactant left behind after breaking the emulsion and

removing the water.

Pauli et al. (2001, 2003a,b) used AFM to study the SHRP asphalts (Jones, 1993)

prepared as solutions and cast on glass microscope slides. Both lateral-scanning

friction-force AFM and tapping-mode AFM revealed “bumble bee” structures iden-

tical to the type reported by Loeber et al. (1996). The authors also observed patchy or

spotty phases in some asphalts, and the disappearance of structures in certain other

cases. Pauli and Grimes (2003) also observed that structures would appear to dissolve

or melt away with repetitive scanning over the same area.

Masson et al. (2006) reported using a phase-contrast AFM technique, where images

are produced based on the time delay between the drive and response signals of an

oscillating tip to study phases in asphalt. These authors considered the “catanaphase”

(the ripples), “periphase” (football silhouette), “paraphase” (solvent regions), and

“salphase” (high-phase contrast spots, very small in size). Masson et al. (2007) also

reported using cryogenic phase-detection AFM to study asphalt films’ heat cast onto

glass slides. Samples were imaged in intermittent-contact mode at �10, �20, and

�50 °C. In the temperature range of �10 to �20 °C (specified as being above the

glass transition temperature), the authors reported observing material phase contrac-

tion (shrinkage). Below �55 °C (well below the glass transition temperature of most

asphalts), additional liquid-like phases were observed.

Wu et al. (2009) studied neat and styrene–butadiene–styrene (SBS) polymer-

modified asphalts prior to aging, and after aging. The images presented by Wu show

bees in both neat and polymer-modified materials after aging. The authors concluded

that bee structures increased in both neat and polymer-modified materials after aging.

Carrera et al. (2009, 2010) considered variations in morphology of chemically treated

bitumen by AFM. Isocyanate-based polymer-modified bitumen and bitumen after

chemical foaming, respectively, were considered in these studies. Bee structures were

observed to develop with the addition of the modifier when samples were heated to

50 °C. AFM imaging of chemically foamed bitumen revealed that modified materials,

as compared to their parent neat-material binder, showed more extensive and larger

structuring of the familiar “bee” type.

Studies reported by De Moraes et al. (2010), Schmets et al. (2010), and Pauli et al.

(2011) indicate that “bee” structuring is likely attributed to wax crystallization. AFM

imaging of thermally conditioned samples demonstrates that bee structures change at

temperatures that coincide with melting/recrystallization of wax in asphalt. Pauli et al.

(2011, 2014) further show that bitumen commonly observed to be void of bee struc-

tures, once blended with model paraffin wax in the 1–3 wt.% range, will show bee

structuring. In later publications, Soenen et al. (2014), Qin et al. (2014), Fischer

et al. (2013), and Fischer and Dillingh (2014) report additional studies involving

blending of bitumen with wax, followed by AFM analysis and/or differential scanning

calorimetric approaches, all of which indicate that bee structuring is most likely

related to wax crystallization.
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Pauli et al. (2011) point out several important factors that influence the interpre-

tation of AFM images generated for bituminous materials: “Image is of the sample

surface, it is necessarily related to, but may or may not be representative of bulk con-

stituents. Hysteresis effects, particularly with respect to thermal cycling, can signif-

icantly change the appearance of the sample surface. Asphalt surfaces tend to be

inhomogeneous at several length scales so that the area imaged may not be represen-

tative of the overall surface characteristics. Experimental/instrumental factors includ-

ing contamination of the cantilever or probe tip, changes in set point, and incorrectly

set gains in the feedback loop can result in dramatic changes in the image. Anomalies

such as apparent phase inversion and changes in resolution are often the result of these

factors (Bhushan and Qi, 2003). Sample variables, such as film thickness, solvent

selection, and solution concentration can strongly influence what is seen in the

image.” Fischer and Dillingh (2014) recently demonstrated differences in bulk rela-

tive to surface structuring in freeze-fractured bitumen specimens imaged with AFM.

Their findings now suggest that different ordering occurs in the bulk relative to the

surface in many bituminous materials.

Very recent publications discuss AFM imaging of new and more novel modified

bitumen, including aging of organo-montmorillonite-modified bitumen (Zhang et al.,

2011), vermiculite-modified bitumen (Zhang et al., 2013), bio-oil-derived

polyurethane-modified bitumen (Cuadri et al., 2014), and asphalt clay nanocompo-

sites (Nazzal et al., 2013).

4.1.2 SPM nanomechanic techniques

Nanomechanical approaches have been employed to differentiate relative hardness of

features observed in AFM images of asphalt surfaces. Indentation testing with hard tips

of known shape and size, pressed into a surface, constitute one method for determining

material hardness. Nanoindentation applies at much smaller scale to measure stiffness

and creep relaxation properties of thin films (Bhushan, 2005; Fisher-Cripps, 2004; Geng

et al., 2005; Huang and Lu, 2006; Liu et al., 2006; Zhou and Komvopoulos, 2006).

AFM-nanomechanical approaches have been applied to study the mechanical and

compositional properties of asphalts. Jäger et al. (2004) reported that noncontact and

pulsed-force mode AFM offer both surface topographical and near-surface mechan-

ical property identification, respectively, of bitumen microphases. This type of inves-

tigation measures contact stiffness of “bee” structures. The authors suggest that a

material secant stiffness,

KT ¼DF=sDz (4.1)

determined from a measure of the force increment

DFs ¼ xskVs (4.2)

is a function of a force increment “history” signal Vs, given the cantilever force con-

stant k, the cantilever penetration depth into the surface Dz, and a parameter xs that is a
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function of the cantilever oscillation amplitude and detection sensitivity of the AFM.

Likewise, the force of adhesion

Fad ¼ xadkVad (4.3)

is measured based on aminimum cantilever deflection signalVad, given the instrument

settings parameter xad. These investigators showed that bee structures and surrounding
matrix “domains” exhibit both harder and softer regions and that the bee structures are

of lower adhesion compared to the surrounding matrix domains.

Tarefder and Zaman (2010, 2011) reported using AFM noncontact mode imaging

and chemically functionalized tip force-distance adhesion measurements, in addition

to nanoindentation, to study changes in mechanical and adhesive properties of asphalt

materials before and after moisture conditioning (Section 4.2.1). The Oliver and Pharr

model (Oliver and Pharr, 1992) was used to interpret test results for mastic sample

studies where hardness decreased more for “wet” compared to “dry” unconditioned

samples.

Allen et al. (2012, 2013) used AFM nanoindentation to calculate moduli for virgin

and aged asphalts derived from different crude sources. The authors noted both an

increase in the elastic modulus with aging and differences in the elastic modulus

for different surface phases. This work provides an analytical expression for calculat-

ing the viscoelastic modulus based on the Galin–Sneddon solution, suggesting that the

indent depth of elastic material

h tð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
2 tany

� � P tð Þ 1� n2ð Þ
E

� �s
(4.4)

given the indentation load force P(t), material elastic modulus E, Poisson’s ratio n, and
indenter geometric angle y may be transformed from the t-domain to the s-domain,

which applies to viscoelastic material as

eh sð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
2 tany

� � eP sð Þ 1�en2 sð Þ� �
eE sð Þ

 !vuut (4.5)

given the transform variables eP sð Þ¼P=s, en sð Þ¼ n, and eE sð Þ�1 ¼ s2 eD sð Þ. This contri-
bution should prove extremely useful for future asphalt material research.

While a powerful tool, application of nanoindentation and interpretation of results

for viscoelastic materials is necessarily complex. Frequently, the same tip to indent a

sample is also used to image and quantify the indent area. However, tip size and shape

are rarely known with precision. Tips are often rounded, truncated cones with a nom-

inal radius of�10-nm, but vary in dimension. Tip geometry can be obtained by imag-

ing with a scanning electron microscope. Furthermore, asphalt tends to wet and coat

the tip so that the actual tip geometry, after first use, is unknown. At nanoscale, asphalt

surfaces are far from smooth. Surface irregularities can be as large as the area of the
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indentation, leading to inconclusive tip-area values. The response of a viscoelastic

material to indenting is sensitive to test temperature, rate of loading, and plastic flow;

thus, material can “pile up” around indentation “holes.” Thus, it is not a simple matter

to define indent geometry. These factors should be carefully considered in the inter-

pretation of AFM nanoindentation results.

4.1.3 SPM nanochemical and nanoadhesive techniques

Nanochemical and nano-adhesive techniques are strongly influenced by inter- and

intra-molecular forces and tip-sample mechanical response. Pauli et al. (2003) used

AFM force–displacement and friction scanning to study adhesive properties of

asphalt. Asphalt films (1-mm) were subjected to force–displacement testing using can-

tilevers (spring constants of k¼7 and 14-N/m) fitted with 5- or 10-mm diameter glass

microbead “colloidal” tips. Asphalt surface tensions at �22 °C ranged from 40 to 50-

dyn/cm based on measures of work of adhesion, interpreted in terms of the “pull-off”

force required to break contact between the “colloidal” tip and sample surface.

Yu et al. (2013) conducted pull-off force measurements with standard cantilevers

reporting adhesion in nanonewtons (nN). In most samples, two phases were observed,

one of which was of higher profile. The authors noted that higher profile domains were

of higher adhesion compared to lower profile domains.

Lyne et al. (2013a) used PeakForce QNM (Quantitative Nanomechanical Property

Mapping), or AFM-QNM, a force-mapping technique that produces images relative to

differences in adhesive and compliance properties, to characterize adhesion and stiff-

ness of asphalt binders of the same 70/100 binder grade. The authors reported that

catanaphase (the ripples) and periphase (surrounding area) domains were of lower

adhesion but higher Young’s modulus compared to paraphase (solvent regions).

Rebelo et al. (2014) characterized low-wax-content asphalt binders of neat and

aged asphalt samples employing several different AFM techniques, including phase

and lateral imaging and force–displacement measurements. Topography phase images

of unaged, rolling thin-film oven test aged, and pressure aging vessel aged sample

materials showed two phases. Force–displacement analysis was utilized to determine

elastic modulus, apparent viscosity, and work of adhesion, concluding that the

domains observed related to asphaltene micelles.

Nanochemical techniques use cantilever tips functionalized with colloidal particles

and/or chemical moieties such as methyl groups (dCH3), hydroxyl groups (dOH),

carboxyl groups (dCOOH), and amine groups (dNH3). The technique is referred to

as chemical force microscopy (CFM). CFM involves scanning the surface with func-

tionalized tips or a series of pull-off force measurements. As with all types of SPM,

CFM, which measures the interaction of the tip with various surface features, simul-

taneously detects variations in topography and mechanical properties, resulting in

complex contrast in CFM images; thus, image interpretation is difficult.

Tarefder and Zaman (2010, 2011) used CFM to evaluate moisture damage propen-

sities among bitumen derived from different crude sources, polymer and antistrip

chemical modification, and aged asphalt. Differences in adhesive character,
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particularly between polymer-modified compared to unmodified binders, were

reported for dry and wet conditioned samples.

Allen et al. (2014) report force–displacement measurements using “standard tip size”

silicon cantilevers functionalizedwithmethyl (dCH3), and carboxyl groups (dCOOH)

to study asphalts doped with their own chromatograph fractions. Two bitumen samples

were separated as saturates, aromatics, resins, and asphaltenes, and then separately

blended back into their respective parent bitumen. This study demonstrated that bee

structuring increasedwith the addition of saturatematerials, which is assumed to contain

paraffin waxes, supporting the hypothesis that bees may be closely related to wax.

4.2 Sample preparation methods

There is currently no universal consensus of best practices for sample preparation to

study asphalt microstructure. Sample preparation methods commonly used for AFM

are generally described as either heat casting or solvent casting. Thus, an understand-

ing of how sample preparation influences image quality is needed to realize the full

potential of AFM in studies of asphalt.

4.2.1 Heat and solvent casting techniques

Loeber et al. (1998) prepared samples for AFM by heating asphalt to 99 °C, then drop-
ping it onto stainless-steel substrates and cooling to�5 °C. Masson et al. (2006, 2007)

prepared samples by pouring asphalt onto small heated steel disks and spreading with

a blade, followed by an additional minute of heating. Zhang et al. (2013) and Rebelo

et al. (2014) followed a procedure similar to that used by Masson, except that the

asphalt was heated and poured at higher temperatures. Lyne et al. (2013a) used a var-

iation of the heat casting technique, in which the asphalt was heated to 150 °C and

poured into 1-cm square aluminum molds, generating 10-mm-thick samples.

Tarefder and Zaman (2010, 2011) used a glass slide wrapped with high-

temperature tape, forming a small gap into which heated polymer-modified asphalt

was poured. The coated glass substrate was placed in an oven to distribute the asphalt

evenly. After preparation, wet conditioned samples were stored under water. Both dry

and wet conditioned samples were dried overnight in a draft oven at 40 °C, prior to
AFM analyses.

Nazzal and Abu-Qtaish (2013) evaluated warm-mix asphalts using the Tarefder

and Zaman (2010, 2011) approach, and a second method in which asphalt was sand-

wiched between two glass slides under the pressure of a 100-g weight in an oven at

120 °C. The sandwich was separated by sliding the cover slide off and then placed

back into the oven for 15 min.

Pauli et al. (2001, 2003) used a solvent casting technique where 20 mL of a

0.20 g/mL solution of asphalt dissolved in dichloromethane was deposited toward

the center of a glass slide using a pipette. The solution was slowly swirled to distribute

the asphalt film to the edges of the slide as the casting solvent evaporated. For films
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observed to be nonuniform, two or three drops of toluene were deposited onto thicker

regions of the film and swirled to achieve uniformity. Samples were stored in a vac-

uum desiccator for a minimum of 48 h, allowing for evaporation of casting solvent

prior to AFM analysis.

4.2.2 Spin casting techniques

Spin casting techniques adopted from polymer science (Hall et al., 1998) often pro-

duce more uniform sample films in the thickness range of nanometers to micrometers.

With this technique, a bitumen sample is dissolved in solvent or heated, and then dis-

pensed onto a spinning substrate (e.g., glass microscope slide, silicon wafer, polished

salt crystal). The angular velocity of the spinning substrate generates a centrifugal

force, driving the “liquid” sample over the substrate to produce uniform films.

Allen et al. (2012, 2013, 2014) placed solvent spin-cast asphalt films, prepared as

1.5-g bitumen/11-mL HPLC-grade toluene, onto ethanol-cleaned (precleaned) glass

microscope slides. Films were spin cast at 1000 rpm for 15 s, resulting in a film thick-

ness of 1000 � 200 nm. In this procedure, solution is “liberally” dispensed over the

surface of the glass slide with a pipette prior to spin casting. Films are dried by heating

under dry nitrogen in a vacuum desiccator for 2 h to remove residual solvent. Dry

films are annealed for 1 h at 50 °C under nitrogen gas purge to eliminate artifacts,

and then stored in an airtight chamber prior to analysis to prevent film oxidation.

Pauli et al. (2011, 2013, 2014) worked on a confined film translational deposition

spin-coating procedure. Pauli et al. describe an International Crystal Laboratories

(ICL) rotational casting Roto-Film™ apparatus fitted with a custom fabricated robotic

arm with a precision digital syringe pump (Harvard Apparatus). With this system, a

droplet of solution is confined in a small gap between the tip of the dispensing syringe

needle and the rotating substrate. A robotic arm moves the depositing confined droplet

at a controlled rate laterally across the surface of the substrate from center to edge,

depositing asphalt solution at a controlled rate. Sample solutions are spin cast at angular

velocities of 400–1000 rpm to fine-control film thickness. Films are stored in an inert-

gas-purged (argon or nitrogen) drying box for no less than 24 h prior to AFM analysis.

The apparatus generates uniform films of <10 to >5000 nm in thickness.

Nazzal et al. (2013) employed spin coating without solvent. Asphalt is heated to

165 °C, and then deposited onto precleaned glass slides and spin cast at speeds of

5000–8000 rpm.

4.2.3 Sample conditioning

A majority of researchers now report conditioning sample films to make surfaces

smooth and even prior to AFM imaging (Soenen et al., 2014). Conditioning generally

entails thermal treatment at elevated temperatures to liquefy in order to smooth and

even out film surfaces.

Pauli et al. (2011, 2013, 2014) report heating sample films to 60–80 °C under nitro-

gen in a vacuum oven for 30 min, followed by cooling (under nitrogen) to ambient

temperature for at least 24 h. Sample films are stored under nitrogen purge to ensure

Asphalt materials by scanning probe microscopy 103



complete evaporation of solvent. Allen et al. (2013) utilize ultra-high purity dry nitro-

gen in a heated vacuum desiccator to eliminate residual solvent prior to annealing

films, for 1 h at 50 °C under nitrogen gas purge. Some authors also report storing sam-

ples for longer periods of time. McCarron et al. (2012) report covering samples, left to

air-dry for a week, prior to imaging.

Tarefder and Zaman (2010, 2011), employing specialized methods of sample con-

ditioning, prepare wet conditioned films by saturation with water for 30 min in a vac-

uum, then submersion for 72 h. Dry and wet conditioned samples are dried overnight

in a draft oven at 40 °C. Fischer and Dillingh (2014) employ a cold mechanical extrac-

tion and freeze fracturing procedure to prepare samples for AFM imaging. Fischer

et al. (2013) also report preparing small “bead” amounts of asphalt applied to mineral

surfaces. Asphalt is deposited on a flat region of a mineral substrate, heated (1–2 min,

125 °C), then tilted to establish advancing and receding angles to the drop to image the

contact line where the asphalt drop contacts and wets the mineral substrate.

4.2.4 Advantages and disadvantages in current approaches

Very different AFM images can be obtained depending on sample preparation tech-

nique and conditions. Use of solvent, temperature, presence of oxygen, annealing

rates, thermal history, and sample thickness, as well as other factors, all influence

structuring on asphalt film surfaces (Pauli et al., 2011; Soenen et al., 2014). Some

researchers now claim that annealing is beneficial for repeatable structure identifica-

tion, while conflicting interpretations of the nature of the structures commonly

observed remain.

Heat casting is a quick and easy method for film preparation that eliminates the

variability associated with the addition of solvent, but at the expense of control over

“film” thickness. Temperature conditioning necessarily needs to be uniformly con-

trolled between sample sets for legitimate image interpretation. Solvent casting

methods also have advantages and disadvantages. McCarron et al. (2012) speculate

that solvent casting affects the chemical bonds within the binder. Thermal techniques

have thus been preferred by researchers who believe that structuring may change with

the presence of solvent. But solution cast methods allow multiple samples to be pre-

pared quickly, with high repeatability in film thickness. Thermal annealing is then

commonly used to dry and condition the sample. Soenen et al. (2014) recently

reported finding no evidence that microstructures observed for solvent spin-cast

asphalt films varied significantly after thermal annealing compared to heat-cast films.

Thus, solvent casting techniques coupled with thermal annealing, which provides con-

trol of film thickness, may be exploited for some purposes, while heat casting may be

preferred when solvent effect is a concern.

Sample preparation techniques coordinated with experimental objectives should lead

to a better understanding of material composition. To date, there is no universally

accepted technique for preparation of asphalt for AFM imaging. As with all microscopy

techniques, what is observed or detected depends to a large extent on how the sample is

prepared. An appropriate sample preparation technique should be chosen in accord with

experimental objectives. A variety of preparation techniqueswork adequately to observe

“bee structures” on asphalt films. However, when trying to establish quantitative
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measures of surface structure based on AFM images, the relationship between sample

preparation and what is seen in the image must be carefully considered.

4.3 Atomic force microscopy (AFM) analysis of surface
structuring in asphalt thin films

4.3.1 Surface characteristics of wax-containing asphalts

Several research groups now hypothesize that waxes are responsible for, or are asso-

ciated with, “bee” structures observed in asphalt thin-film samples via AFM, although

the asphaltene–resin micelle hypothesis is still considered. The appearance of surface

structuring has been shown to relate to wax type, wax concentration, crystallizing con-

ditions, and crude source (Pauli et al., 2011). Cooling rate also affects changes in mor-

phology of the film. The effects of temperature and cooling rate on asphalt surface

morphology have prompted some researchers to conduct AFM imaging as a function

of temperature (Pauli and Grimes, 2003; Masson et al., 2007; Fischer et al., 2013;

Soenen et al., 2014; Nahar et al., 2013; Pauli, 2014). Variable-temperature AFM

images of sample films heated and cooled in stepwise increments reveal a metamor-

phosis in surface structuring, as depicted in Figures 4.1 and 4.2.

In these two figures, a spin-cast 1-mm thick film of SHRP asphalt (AAK-1), pre-

pared in toluene solution followed by drying several days under inert gas, was imaged

while heated/cooled on a Peltier temperature stage in 5 °C increments. After each tem-

perature change, the film was thermally stabilized for 20 min and then imaged in AFM

tapping mode. These two figures effectively show melting/recrystallization of the

familiar “bee” microstructures (Figure 4.2e and f ).

4.3.2 Surface freezing crystallization of wax in asphalt: theory

It is casually noted that despite the fact that surface structuring in bituminous materials,

otherwise referred to as “bee” microstructures, have been reported in the literature since

the mid-1990s, few publications offer a plausible mechanism for their formation.

Among these publications, Lyne et al. (2013b) report a plausible mechanism for bee

formation involving differential expansion–contraction of a biphase system. In this

model, Lyne et al. (2013b) consider the bees to be stiffer laminate structures in contact

with a softer matrix surface. With cooling, the laminate contracts and wrinkles relative

to the matrix surface on which it is in contact. The authors argue that surface wetting of

the lower surface free-energy paraffin molecules on the higher surface free-energy

matrix surface accounts for the phenomena of bee structuring at the surface interface.

Comparatively, Pauli et al. (2011) report in a recent study on the phenomena of wax

structure formation in bituminous asphalt binders. These authors adopt a mechanism

based on surface freezing of paraffin wax in model paraffin solvents to describe the

structuring of wax on asphalt thin-film surfaces. Wu et al. (1993a,b), Ocko et al.

(1997, 2001), and Sloutskin et al. (2001, 2003) originally considered the formation

of surface crystallized wax lamella, which requires the elimination of a liquid–vapor
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interface with an accompanying free-energy gain of glv, followed by the creation of

two crystal interfaces—a solid–vapor interface and a solid–liquid interface—with

accompanying free-energy loss of gsv + gsl. Thus, the criteria for surface freezing is

defined as

glv > gsv + gslð Þ (4.6)

Pauli et al. (2014) report that surface free-energy measurements of asphalts and their

fractions, includingmaltenes andchromatographically separatedoil fractions, satisfy this

(a)

(c)

(e)

(b)

(d)

(f)

Figure 4.1 AFM phase (a, c, e) and topography (b, d, f) scans (20�20-mm area) of a Boscan

crude asphalt designated SHRP AAK-1 imaged during heating on a thermal stage, depicted

at 25 °C (a, b), 30 °C (c, d), and 35 °C (e, f).
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criterion. They further propose a rippling mechanism theory for the formation of bee

structures based on crystallization thermodynamics, for which they attribute the phe-

nomena of rippling to curvature elastic strain in a sectorized crystal (Dorset et al.,

1990, 1993; Bassett et al., 1988; Loveinger et al., 1994; Tsukruk and Reneker, 1995;

Zhou et al., 2000; Guenthner and Kyu, 2000; Kyu et al., 2000; Mehta et al., 2004a,b;

Xu et al., 2005).

Assuming that bee formation is a result of surface freezing crystallization of wax on

a bitumen film surface, bulk-to-surface phase transformation thermodynamics in

model paraffin systems are considered (Sloutskin et al., 2001, 2003). Sloutskin

(a)

(c)

(b)

(d)

(e) (f)

Figure 4.2 AFM phase (a, c, e) and topography (b, d, f) scans (20�20-mm area) of a Boscan

crude asphalt designated SHRP AAK-1 imaged during cooling on a thermal stage after heating

to 40 °C, depicted at 35 °C (a, b), 30 °C (c, d), and 25 °C (e, f).
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et al. (2001, 2003) developed a thermodynamic model for the demixing of paraffins in

a bulk solution (or melt) and the corresponding surface crystallization (or surface

freezing) with cooling. Accordingly, the free energy of a mixture of N-number of

type-n paraffins dissolved in M-number of type-m paraffins (solvent) is defined by

ℱ lb ¼Nf lbn +Mf lbm + kBT N ln’N +M ln’M½ � (4.7)

given the number fractions ’N ¼N=N +M and ’M ¼M=N +M, the Boltzmann

constant kB, and the free-energy expressions in each material type

fi:n,m ¼ Ei:n,m�TSi:n,m (Ei:n,m: enthalpies and Si:n,m: entropies).
The chemical potentials that define these species in the bulk-b and liquid-l states

are expressed by

@ℱ lb
n

@N
¼ mlbn (4.8)

and

@ℱ lb
m

@M
¼ mlbm (4.9)

where the free energy of surface freezing is expressed by

ℱ ss ¼Nf ssn +Mf lsm + kBT N ln’N +M ln’M½ � (4.10)

The corresponding chemical potentials for these same species at the surface-s, in the
liquid-l and solid-s state, are expressed by

@ℱ ss
n

@N
¼ mssn (4.11)

and

@ℱ ls
m

@M
¼ mlsm (4.12)

Performing four derivatives while assuming the equilibrium condition mlbi ¼ mssi ,
followed by substitution into the surface excess free-energy expression

giAi ¼ f si � f bi ¼ Esi � Ebi �T Ssi �Sbi
� �

(4.13)

results in the expression

gmAm� gnAn ¼ f lsm � f lbm
� �� f ssn � f lbn

� �¼ kBT ln
’lb
M

’ls
M

	 

� kBT ln

’lb
N

’ss
N

	 

(4.14)
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Sloutskin et al. (2001, 2003) noted that this expression leads immediately to the

extended Langmuir isotherm expression (Piñeiro et al., 2004; Brocos et al., 2007)

G�’ss
N ’

lb
M

’lb
N’

ls
M

¼ e gmAm�gnAnð Þ=kBT (4.15)

Thus, assuming the transfer of type-n species from the bulk (with number fraction ’)
to the surface ’s, the relative surface excess adsorption G is defined by

’ss
N ’

lb
M

’lb
N’

ls
M

�’s 1�’ð Þ
’ 1�’sð Þ¼

’s ’�1ð Þ
’ ’s�1ð Þ¼G (4.16)

Solving for the number fraction of solidified surface species leads to what is referred

to here as the Wu–Ocko–Sloutskin (WOS) extended Langmuir model:

’s ¼ ’G
1�’ +’G

(4.17)

Progressively thinner bitumen films can thus provide depleted quantity of wax in the

bulk ’ that is available to crystallize at the surface of a film ’s. Thus, given a critical

film thickness hc and critical number fraction of wax in the bulk,

’c ¼
NCnH2n + 2
ð Þc

Ntotal

(4.18)

the total number of paraffins plus all other asphalt particles in the critical film volume

is defined by

Ntotal ¼ p rcð Þ2hc
Vparticles

� �N0 ¼ p rcð Þ2hc
M=rð Þparticles

D EN0 (4.19)

given the mean mass per density M=rð Þparticles
D E

of the particle and Avogadro’s

number N0. The resultant paraffin number fraction, as a function of film thickness, is

expressed by

’¼’c h=hcð Þ (4.20)

The input variables of a model to predict the variation in surface coverage of solid-

ifying paraffins, with variation in film thickness in an asphalt thin film, may be

expressed by

’s hð Þ¼ ’c=hcð Þhe gmAm�gnAnð Þ=kBT

1� ’c=hcð Þh+ ’c=hcð Þhe gmAm�gnAnð Þ=kBTð Þ (4.21)

Recent studies of molecular weight distribution in heavy oil residual suggest that the

average molecular weight is in the order of 200–700 Da (Liu et al., 2010). Thus, a
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paraffin MC31H64
g=molð Þ ¼ 437 with a surface free energy of gn Jm2ð Þ¼ 0:031

(Sloutskin et al., 2001, 2003) was selected as a solute. In regard to the effective surface

area of paraffin species in the surface crystallized state, a value ofAn m2ð Þ ¼ 2:0014�
10�19 constitutes an effective radius of rn nmð Þ¼ 0:2524 (Sloutskin et al., 2001, 2003).
These values may be rationalized if it is assumed that paraffins are stacked in columns

in a solidified state. By contrast, the remaining asphalt molecules are likely arranged

in a more random manner at a surface when assumed to be in a liquid state.

Pauli (2014) suggests that the average surface free energy of asphalt is

gm Jm2ð Þ¼ 0:045. Assuming the average molecular mass and density of asphalt,

namely, Masphalt ¼ 450Da and rasphalt ¼ 1g=cm3, the effective radius of an asphalt

molecule is r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Masphalt=4pN0rasphalt

3

q
, or rn nmð Þ¼ 0:56, which corresponds to

an effective surface area of Am m2ð Þ¼ 9:852�10�19. Then, given the constants

kB ¼ 1:3806488�10�23 m2 kg s�2 K�1
� �

, T¼ 298:15K, and N0 ¼ 6:02205�1023

mol�1
� �

, plots of ’s(h) may be constructed (Figure 4.3) showing both the influence of
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Figure 4.3 Plots of ’s(h) at different ’ for paraffinMC31H64
g=molð Þ¼ 437,An m2ð Þ¼ 0:20 nm

with a surface free energy of gn Jm2ð Þ¼ 0:031 and asphalt with gm Jm2ð Þ¼ 0:045 where

(a) Am m2ð Þ¼ 0:66nm (Masphalt �750 Da), (b) Am m2ð Þ¼ 0:56nm (Masphalt �450 Da),

(c) Am m2ð Þ¼ 0:46nm (Masphalt �250 Da), and (d) Am m2ð Þ¼ 0:40nm (Masphalt �150 Da).
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the effective asphalt molecular radius rn (nm)¼0.66, 0.56, 0.46, and 0.40, and the initial

concentration (partial number fraction) of paraffin ’ in the bulk film on plots of ’s(h).

4.3.3 Surface freezing crystallization of wax in asphalt:
determination of wax concentration in a bulk film

Utilizing the WOS extended Langmuir model for paraffin surface freezing in asphalt

films, experiments were carried out to test the model’s validity. Asphalt binders

derived from different crude sources known to contain different wax concentrations

were selected (Branthaver et al., 1993). Asphalt solutions were prepared in toluene

solvent (HPLC-grade) at 1–10% by mass-to-volume ratio and spin cast as thin films

at 600 rpm. Sample films were dried for several days in a nitrogen-gas-purged drying

box. Average film thicknesses hhfilmiwere calculated based on knowledge of the solu-
tion concentration Csl(g/mL), the volume of the drop originally deposited on a spin-

ning slide (1 or 2 mL) Vdrop(mL), and the measured area of the film Afilm determined

with Image-Pro version 6.2 (2005), assuming an average density of asphalt

rasphalt ¼ 1g=cm3, as

hfilmh i� VdropCsl

rasphaltAfilm

(4.22)

Figure 4.4 depicts two sets of AFM phase and (black-and-white) area contrast images

of films of different thickness for unannealed SHRP AAK-1 dried under nitrogen gas

for 24 h, and thermally annealed SHRP AAB-1 annealed for 30 min under nitrogen

gas purged at 115 °C. All films were imaged near the film’s center. Unannealed films

have the appearance of two phases with different contrast, which appear patchy or

spotty, and “bee” structures are not present or are very thin when compared to ther-

mally annealed sample films (Figure 4.4a). On the other hand, sample films that are

thermally annealed exhibit “bee” structuring. Thermally annealed samples also

exhibit larger, more clumped together structuring compared to unannealed samples

(Figure 4.4b).

To quantify the fraction of the area covered by surface structures, image analysis

software was utilized (Image-Pro version 6.2, 2005) to “mask” structured areas as

white and remaining areas as black. The sum or cumulative white areas Aspots per total

scan area Ascan constitutes a measure of the surface coverage Y. Table 4.1 lists solu-

tion concentrations Csl(g/mL),Y-values determined for asphalt binders SHRP AAB-1

(prior to and after thermal annealing), and calculated “average” film thicknesses

hhfilm(mm)i. Figure 4.5 depicts plots of “wax” area fraction (i.e., surface coverage Y)

as a function of average film thickness hhfilmi

Aspots

Ascan

�Y¼ a hfilmh i+Y0 (4.23)

for four SHRP asphalts where Y0 is the surface coverage at infinitesimally thin film

thickness.
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Figure 4.4 AFM phase and (black and white) area contrast images of (a) SHRP AAK-1

(80�80-mm area) dried under Nitrogen gas for 24 h (not annealed), and (b) SHRP AAB-1

(20�20-mm area) annealed 30 min, Nitrogen gas purged at 115 °C.

Table 4.1 Example data, solution concentrations, average film
thickness, and surface coverage for SHRP asphalt AAB-1, for
annealed and unannealed films

Sample

Solution

concentration

Csl(g/mL)

Average film

thickness

hfilm mmð Þh i� VdropCsl

rasphaltAfilm

Surface

coverage

Aspots=Ascan �Y

AAB-1

unannealed

0.010 0.122 0.186

0.025 0.308 0.317

0.050 0.664 0.586

0.075 1.065 0.406

0.100 1.193 0.343

AAB-1 annealed

(30 min, 115 °C)
0.010 0.122 0.254

0.025 0.308 0.620

0.050 0.664 0.768

0.075 1.065 0.820

0.100 1.193 0.990
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Regarding unannealed films (Figure 4.5a), some data points decrease with increas-

ing film thickness. These data sets were truncated for values of hfilmh i> 0:5mm
(Figure 4.5b).

Films were then thermally annealed for 30 min at 115 °C under nitrogen, cooled

to room temperature, and reevaluated in terms of surface coverage Y0 measure-

ments (Figure 4.5c), where thermal annealing is observed to improve the trend in

data. Correlation plots were constructed relating surface coverage Y0 to established

measures of bulk wax concentration (Table 4.2), as depicted in Figure 4.6. The best

regression fits were observed for thermally annealed samples. Direct correlation

of (Y)i and (hhfilmi)i data (Table 4.2) were also fit to the functional form of the

model
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Figure 4.5 Plots of wax area fraction Y as a function of average film thickness hhfilmi
representing films prepared from four SHRP asphalt for (a) unannealed inert gas dried films,

(b) truncated data plot unannealed inert gas dried films, and of (c) thermally annealed films

(30 min at 115 °C under nitrogen).
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Yð Þi ¼
hfilmh ið ÞiG

1� hfilmh ið Þi + hfilmh ið ÞiG
� � (4.24)

whereG represents the regression coefficient of the analysis. Figure 4.7 depicts regres-

sion analysis plots of the functionY(hhfilmi) for annealed sample data sets (Table 4.2).

Figure 4.8 depicts the correlation plots relating the G regression coefficient to

accepted measures of wax concentration (percent crystalline material as determined

by differential scanning calorimetry (DSC) and weight percent wax extracted for ion-

exchange chromatography (IEC) neutral fractions).

Table 4.2 Asphalt binder wax content reported in a Branthaver et al.
(1993), and wax area fraction values determined from AFM
thin-film imaging experiments

Wax area

fraction

Q0 at h50

Wax area

fraction

Q0 at h50

Asphalt

% Wax/asphalt

extracted from

IEC neutralsa

% Crystalline

material

(DSC)a Unannealed

Annealed

film G

AAB-1 4.7 2.3 0.09 0.36 3.02

AAC-1 7.0 2.7 0.17 0.55 5.35

AAD-1 1.9 0.6 0.08 0.09 1.53

AAG-1 1.2 0.0 0.00 0.00 0.21

y = 16.611x + 0.0088
R2 = 0.7882

y = 5.059x + 0.1268
R2 = 0.9643
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Figure 4.6 Correlation plots relating surface coverage Y0 to accepted measures of wax

concentration, including (a) percent crystalline material as determined by differential scanning

calorimetry (DSC), and (b) weight percent wax extracted for ion exchange chromatography

(IEC neutrals fractions).
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The utility of controlling film thickness when employing solvent spin-cast film

preparation techniques, followed by the practice of thermal annealing conditioning

of films, effectively leads to more physically representative conclusions as to the com-

positional nature of the structuring observed by AFM in bituminous materials. It is

again cautioned that standardized methods of sample preparation may produce
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Figure 4.7 Regression analysis plots of the functionY0(hhfilmi) for annealed sample data sets.
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Figure 4.8 Correlation plots relating the G regression coefficient to accepted measures of wax

concentration, (a) percent crystalline material as determined by differential scanning

calorimetry (DSC) and (b) weight percent wax extracted for ion exchange chromatography (IEC

neutrals fractions).
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misleading conclusions regarding surface and bulk compositional properties when

asphalt film thicknesses greater than 1 mm are investigated.

4.3.4 Imaging of specimens via novel sample preparation
techniques

Over the 15-plus years in which AFM has been applied to the study of asphalt, some

agreement, though certainly not universal, has emerged regarding the “bee structures”

that have been commonly observed on the surface of asphalt films. Many researchers

(De Moraes et al., 2010; Schmets et al., 2010; Pauli et al., 2011) currently agree that

these structures are wax crystals, and while there is certainly strong evidence to sup-

port this theory, there is still disagreement.

It is possible that whatever their exact composition, bee microstructures form pref-

erentially at the air/asphalt interface and, therefore, may not be representative of the

asphalt microstructure within the bulk. Considering the relevant differences in phys-

ical properties (density, interfacial tension, heat capacity, etc.) associated with an

asphalt/air interface, compared to internal interfaces, it is unlikely that the microstruc-

ture observed on an asphalt surface would be the same as the microstructure in the

interior of the film.

Commonly observed surface microstructures may be indicative of important com-

positional characteristics that drive mechanical response, and, as such, a better under-

standing of this structuring may lead to a viable performance indicator. However,

useful relationships between this type of structuring and pavement performance con-

stitute ongoing research. While this type of surface structuring remains of scientific

interest, microstructuring more likely to be relevant to the material’s bulk mechanical

properties is the microstructure that exists within the interior of thin films (of, say,

8–15-mm thickness; Kandhal and Chakaraborty, 1996). It is this type of structuring

that is more commonly believed to bond filler and aggregate particles in an asphalt

pavement.

If the surface structuring observed by AFM in fact relates to wax, as many

researchers now contend, then an “unseen” underlying structure still exists related

to associations among polar constituents, as predicted by Petersen et al. (1994). Given

the discussion in previous sections, one would hypothesize that structuring among

polar constituents could be revealed after rinsing an asphalt surface with a low-

polarity solvent in order to selectively remove the surface structures to expose the

underlying microstructure.

Four sample asphalts, derived from a pavement performance site constructed in

Minnesota where differentiation in pavement performance for asphalts of the same

performance grade but from different crude sources may be compared, were spin

cast from toluene solution and then thermally annealed at 95 °C for 30 min.

Figures 4.9 through 4.12 depict AFM topography images of these four asphalts

before and after rinsing the film with a drop of n-heptane. After initial imaging,

the sample slides were each stood on edge. A drop of n-heptane was then dispensed

so that it would run quickly down and across the surface of the film. These figures

clearly show that a very different structure is revealed after this type of treatment.
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(a) (b)

Figure 4.10 AFM topography height of (a) CPPA-MN2-thermally annealed

(l�w�h¼40�40�0.09 mm) and (b) CPPA-MN2-thermally annealed-rinse with n-heptane
(40�40�0.64 mm).

(a) (b)

Figure 4.9 AFM topography height of (a) CPPA-MN1-thermally annealed

(l�w�h¼40�40�0.18 mm) and (b) CPPA-MN1-thermally annealed-rinse with n-heptane
(40 �40�0.86 mm).

(b)(a)

Figure 4.11 AFM topography height of (a) CPPA-MN3-thermally annealed

(l�w�h¼40�40�0.20 mm) and (b) CPPA-MN3-thermally annealed-rinse with n-heptane
(40�40�1.11 mm).
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Relative to the expected selectivity of the solvent (n-heptane), it is expected that the
revealed structure is related to polar constituents in the asphalt, commonly associ-

ated with asphaltenes.

While there is no obvious similarity between the bee surface microstructures and

microstructures revealed after n-heptane rinsing, the relative “amount” of darker

areas (i.e., lower topography) in the rinsed samples tends to correlate with the rel-

ative areas of original bee structures. It is difficult to say in such preliminary studies

that the two structures (i.e., crystalline wax or associated polar constituents) are spa-

tially and volumetrically interrelated. This work is new, and still open to interpre-

tation. However, these images reveal an underlying microstructure, presumed to be

composed mainly of polar constituents, which exists simultaneously with the bee

surface microstructures.

At present, the composition and nature of the microstructures revealed by

n-heptane rinse is speculative. It should be kept in mind that after 15-plus years, there

is still no universal consensus as to the compositional nature of the surface microstruc-

tures first reported by Loeber et al. (1996, 1998). Suffice to say that this underlying

structuring is differentiated from surface structuring, and that what one sees in an

AFM image of an asphalt film can be dramatically affected by how the sample is pre-

pared. Again, it is advantageous to overemphasize the point, negating the various

imaging techniques that are commonly available with AFM, that what one observes

in AFM scans strongly depends upon how the sample is prepared and that sample

preparation must be coordinated with experimental objectives if useful and meaning-

ful data are to be obtained.

4.4 Force–displacement AFM

AFM is now commonly used to measure and map the adhesive forces between an AFM

tip and a test substrate like asphalt. Adhesive measurements are made with AFM by

pressing the probe tip into the surface of a sample, followed by pulling the tip loose from

(a) (b)

Figure 4.12 AFM topography height of (a) CPPA-MN4-thermally annealed

(l�w�h¼40�40�0.04 mm) and (b) CPPA-MN4-thermally annealed-rinse with n-heptane
(40�40�0.77 mm).
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the surface while recording the deflection of the cantilever. The record of the tip dis-

placement (via cantilever deflection) associated with the pressing and pulling of the

tip is typically referred to as a force–displacement curve (FDC). In a typical FDC,

the relative change in the distance between the tip mount (bimorph) and the substrate

surface is plotted on the x-axis, with the corresponding cantilever deflection plotted on
the y-axis. Analysis of FDCs can reveal important mechanical information such as the

yield strength and linear elastic–plastic response of contact/fracture, as these properties

relate to the contact between the probe tip and sample surface.

4.4.1 Force–displacement AFM: theory

Fracture processes based on Griffith’s criterion (Griffith, 1921; Shull, 2002) relate

the release of stored strain energy U to the fracture energy absorbed G. An extending

crack of length 2a, for example, is related to the applied stress s in terms of the strain

or fracture energy

�dU
da

¼G¼ pas2

E
(4.25)

where E is the Young’s modulus of the material undergoing fracture. Extending this

criterion to the rupture of adhesive bonds, where the adhesive exhibits viscoelastic

character, G is referred to as the adherence fracture energy. Adherence energy is

defined in terms of the equilibrium work of adhesion G0 and energy lost due to dis-

sipative processes Gdiss (Packham, 1996),

G¼G0 +Gdiss (4.26)

Rate u and temperature T dependence of G�G u, Tð Þ are accounted for by expres-

sing G as

Gdiss ¼G0C u=u*,aTð Þ, (4.27)

defined in terms of a viscoelastic loss functionC, given a characteristic crack speed u*
and a rate-temperature dependent shift factor aT (Ahn and Shull, 1996; Crosby and

Shull, 1999; Shull, 2002).

4.4.2 Force–displacement AFM: methodology

The potential energy experienced by the cantilever is measured by the “work to break

contact” U derived by numerical integration of FDCs evaluated using a trapezoidal

technique

Utot testð Þ�U ¼
ðZ1
Z0

FdZ¼
ðZ1
Z0

Fc +Fsð ÞdZ� DZ¼ Z1�Z0ð Þ
2N

Xn
i¼1

F Zi+ 1ð Þ+F Zið Þ½ �

(4.28)
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Work to break contact potential energy for a given temperature is plotted as a function

of reduced rate (i.e., stage velocity u, per critical crack speed, u*), where the critical
crack speed in the present analysis is the slowest stage velocity for a given set of

measurements.

Experimentally, the change in displacement of the piezo scanner-cantilever assem-

bly at increasing rate DZ(u) becomes much greater than the average in the cantilever

deflection dc(u), suggesting that the material is being stretched or elongated to a

greater extent with increasing separation rate.

To determine the adherence energy G, work to break contact potential energy ver-

sus reduced rate data is fit to the energy dissipation function

U ¼U0 1 + u=u*ð Þn½ � (4.29)

where U0 and n are regression coefficients. Equilibrium work of adhesion G0, in turn,

is calculated as

G0 ¼PDMT

2pR
¼ kcdc
2pR

(4.30)

The adherence energy G is thus derived as

G¼ G0h i 1 + u=u*ð Þn½ � (4.31)

given the regression coefficient n and average value in G0h i.
A commercial AFM was modified to perform force–displacement atomic force

microscopy (FD-AFM) measurements. The components of the system include a

Quesant Q-Scope 250 AFM, a nanopositioning stage (Mad City Labs, Inc.) with a Pel-

tier thermal stage heater/cooler, and an environmental chamber (Kringos et al., 2013).

The cantilevers used for FD-AFM measurements are custom fabricated by Novascan

Technologies to have a nominal spring constant of 14 N/m and a nominally spherical

glass microbead tip with radius of approximately 5000 nm.

To conduct FD-AFM measurements, an AFM controller provides voltage to a

piezo scanner to initially establish contact between the cantilever tip and sample sur-

face. A laser and quad photodetector monitor the deflection signal of the cantilever.

The AFM electronics and feedback loop establish a controlled preloading of an

adhesive contact. A nanopositioning stage controller and software package (Nano-

Route®3D) are used to retract the sample from the cantilever at a controlled rate, thus

rupturing the contact. A National Instruments data acquisition module programmed

with LabVIEW and an associated PC are used to monitor signals for the stage position,

feedback loop, and cantilever deflection as a function of time.

Calibration of this system entails initially engaging the probe with a glass surface,

followed by locking the AFM feedback loop, moving the nanostage at a specified dis-

tance, and recording the cantilever deflection as a voltage signal. The stage motion

divided by the cantilever deflection voltage gives the cantilever calibration factor.

Values of stage and cantilever offset hold time and rate of stage motion, and

voltage-versus-time slopes xs ¼DVs=Dts and xc ¼DVc=Dtc, respectively, are used
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to convert raw signal data to force curves. Specifically, voltage signals for cantilever

and stage, and time data, defined as

Vc,s ¼
Vc,s
1

..

.

" #
and t¼

t1
..
.

" #
, are used to calculate the total (z-axis) distance

Z¼ ust¼
us t1� thð Þ

..

.

" #
¼

Z1
..
.

" #
(4.32)

Cantilever and stage deflections, accounting for offsets and hold time, are calculated as

dc ¼
Vc
1 +Dc

..

.

" #
1=xcð Þ¼

dc1
..
.

" #
(4.33)

and

ds ¼
Vs
1�Ds

..

.

" #
1=xsð Þ¼

ds1
..
.

" #
(4.34)

Distance-versus-deflection (Z vs. dc) curves are plotted to isolate the adhesive contact
region (Pauli et al., 2014).

4.4.3 Work of adhesion and viscoelastic response to temperature
and rate

Adherence energy determined from FD-AFM experiments defines the adhesive and

viscoelastic properties of test samples (asphalt thin films). Viscoelastic materials

exhibit rate- and temperature-dependent behavior in terms of stress/strain response

in fracture. As a representative class of materials, asphalt binders were examined

by FD-AFM in terms of temperature- and rate-dependent fracture behavior.

In FD-AFM experiments, work to break contact potential energy

U ¼U0 1 + u=u*ð Þn½ � determined at a given reduced temperature (T/T*), where T* rep-

resents the lowest test temperature, is initially plotted as a function of reduced rate (u/u
*), where the critical crack speed is the slowest stage velocity. Tables 4.3 and 4.4 report

representative data measured for SHRP asphalt AAG-1. For this particular data set, five

force–displacement measurements were obtained at three different rates (1, 5, and 10-m
m/s), at five different temperatures (�5, 0, 5, 10, and 15 °C), for a total of 75 deflection-
distance curves. The average in five data points represents an average work to break

contact potential energyU at a given rate and temperature. An average work of adhesion

value of G0h i¼ 86�3mJ=m2 is determined from an average of 75 deflection-distance

curves by virtue of pull-off deflection-distance measurements (Equation (4.30)).

Figure 4.13 depicts work to break contact potential energy and adherence energy versus

reduced rate curves, respectively, for data listed in Tables 4.3 and 4.4.

Regression analyses are then conducted to fit U and (u/u*) data to the cantilever

work function (Equation (4.29)). The average work of adhesion G0h i and regression

coefficient n can then be used to determine adherence energy as
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G u, aTð Þ¼ G0h i 1 + u=u*ð Þn T=T*ð Þ
h i

¼ G0h i 1 + u=u*ð Þx2 T=T*ð Þ2 + x1 T=T*ð Þ+ x0
h i

(4.35)

The adherence energy function expressed in Equation (4.35) represents a phenome-

nological model of the time–temperature response of adhesive contact in a viscoelas-

tic thin film of asphalt and, as such, is limited to the rate and temperature regimes in

which measurements are obtained.

Table 4.3 Work to break contact data determined at three different
rates and five different temperatures

y/y*5y,
y*51 mm/s

U(@T/

T*51.00)

(mN 	 mm),

T*5263 K

U(@T/

T*51.02)

(mN 	 mm),

T*5263 K

U(@T/

T*51.04)

(mN 	 mm),

T*5263 K

U(@T/

T*51.06)

(mN 	 mm),

T*5263 K

U(@T/

T*51.075)

(mN 	 mm),

T*5263 K

1 2.36 2.58 3.13 3.41 3.41

5 2.82 2.95 3.14 3.37 3.50

10 2.95 3.04 3.14 3.40 3.57

Table 4.4 Adherence energy data determined at three different rates
and five different temperatures

T (K) G(@y/y*51) (mJ/m2) G(@y/y*55) (mJ/m2) G(@y/y*510) (mJ/m2)

268 203 243 254

273 222 253 261

278 270 270 270

283 293 290 292

288 293 301 307
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Figure 4.13 (a) Work to break contact and (b) adherence energy versus reduces rate plots

derived from FD-AFM measurements of a 1-mm thick film of SHRP AAG-1 asphalt sample.

122 Advances in Asphalt Materials



4.4.4 Adherence energy and ductile–brittle transition
temperature

To show the relationship between G u, aTð Þ and reduced temperature regression coef-

ficients, n-values are plotted versus (T/T*), as depicted in Figure 4.14. In the present

case, good data fits were found for G u=u*ð Þ data at T=T*ð Þ¼ 1:000, 1:019, and1:075,
with corresponding n-values of 0.178, 0.133, and 0.038, respectively.

Potentially of interest to asphalt technologists,G u, aTð Þmaybeused to determine the

ductile–brittle transition temperature Td�b, as this relates to fatigue performance.

The ductile–brittle transition temperature represents an inflection in the response of

adherence energy as a function of temperature, where at higher temperatures, pull-

off force measurements tend to become independent of rate and simply correspond

to a measure of the surface tension of the material, while at lower temperatures, ductile

flow of the material, which manifests as necking of the material, diminishes and the

material simply responds as an elastic solid with corresponding surface energy. Thus,

to calculateTd�b, plots ofG as a functionof temperature are fit to an appropriate function

to determine the ductile–brittle inflection point. Figure 4.15 depicts plots of adherence

energy versus temperature at different reduced rates.

Although a sigmoidal function is a logical choice for initial data fits, G versus T data
are conveniently fit with a third-order polynomial function

G Tð Þ¼ z3T
3 + z2T

2 + z1T + z0 (4.36)

The inflection of this function is determined as

0¼ d2

dT2
G Tð Þ¼ 6z3T + 2z2 (4.37)
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where the ductile–brittle transition temperature Td�b is determined by

Td�b ¼�z2
3z3

(4.38)

Table 4.5 lists regression coefficient data (z2 and z3) and corresponding ductile–brittle
transition temperatures determined at three different reduced rates of adhesive failure

for samples prepared from SHRP AAG-1. Figure 4.16 depicts a plot of the functional

relationship between ductile–brittle transition temperature and reduced rate. This fig-

ure shows that ductile–brittle transition temperatures decrease with decreasing rate.

These findings are consistent with linear viscoelastic theories, which contend that

materials respond with higher elasticity at lower temperatures or with faster rates

of displacement.
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Table 4.5 Regression data (z3 and z2) corresponding ductile–brittle
transition temperatures at three different reduced rates of
adhesive failure

y/y* z3 z2 Td2b Kð Þ

1 �0.0355 0.3543 276

5 �0.0101 0.1643 279

10 �0.0065 0.1804 282
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4.5 Future trends

4.5.1 Nanorheological methodologies

In simple terms, rheology is the study of the flow characteristics of matter. Thus, it

follows that nanorheology is the study of the flow of matter at a very small scale. Rhe-

ology is typically used to describe the mechanical properties of liquids and semisolids

that exhibit strain-rate dependent viscosity (i.e., viscoelastic materials), such as

asphalts. For this type of material, the “hardness” is a function of both temperature

and shear rate. Materials are typically characterized in terms of a storage modulus,

a loss modulus, and a phase angle. Moduli values are reported in terms of force

per unit area (i.e., as pressure). The phase angle is then the lag between the applied

pressure of the storage modulus and the loss modulus, reported in degrees or radians.

For a purely elastic material, there is no lag in response, and the phase angle is then 0.

Rheological measurements based on dynamic shear are made by confining the

material in a known geometry at a controlled temperature, applying a sinusoidal oscil-

lating force, and measuring the transmission of force through the material. In theory,

this type of measurement can be made at nanoscale using an AFM. An AFM generates

an image of a surface by applying a small force and measuring the response; thus, it is

potentially capable of making rheological-type measurements. As reported in this

chapter, good progress has already been made utilizing nanoindentation and

FD-AFM in the field of bitumen nanorheology (Jäger et al., 2004; Tarefder and

Zaman, 2010, 2011; Allen et al., 2012, 2013; Pauli et al. (2013, 2014). But, one of

the greatest difficulties still remaining is in adequately defining the geometry of

the system so that modulus values can be determined accurately. As the development

of AFM nanomechanic techniques continue, better methods to define the geometry,

perhaps based on interferometer or piezo-electromechanical sensors, will and have
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emerged. Once the difficult problem of defining geometry is solved, the use of AFM to

make reliable nanomechanical measurements should become routine.

4.5.2 Nano-infrared

Nano-infrared (nano-IR) incorporates infrared spectroscopy with SPM to determine

the chemical composition of species present on a sample surface at nanoscale

(Dazzi et al., 2010, 2012; Kjoller et al., 2010). The technique involves illuminating

a sample plated on a ZnSe crystal substrate with a tunable IR-laser at wavelengths

where the molecules in the sample absorb IR-light, inducing a photothermal response

in the sample. The absorbed light, once converted to the form of heat, results in a rapid

thermal expansion pulse that is detected by the cantilever probe tip in contact with the

surface. Nano-IR then provides an infrared spectrum of specific image features with

micron and nanometer spatial resolution in the x–y plane, well in excess of the capa-

bilities of optical IR-microscopes. This method has been successfully applied to the

chemical identification of polymer microdomains, cellular structures, and fullerene

and fiber nanomaterials. As experience in applying this relatively new technique to

asphalt materials accumulates, a better understanding of its potential utility will

develop. Combined with nanomechanical techniques, nanoscale IR measurements

can potentially show a great deal about the link between chemistry and mechanical

properties for asphalt materials.

4.5.3 Scanning thermal imaging

Scanning thermal probe imaging encompasses a variety of techniques devised to pro-

vide thermal response information at very small scale (Duvigneau et al., 2010). These

AFM instruments are commonly equipped with special cantilevers that serve as a tiny

thermocouple incorporated with a heating stage. Variants of this system could poten-

tially provide nanoscale information with respect to properties such as thermal con-

ductivity, heat capacity, and melting point. Scanning thermal AFM data can be useful

for differentiating between structural phases, for example in terms of melting point (or

other thermal characteristics), which, in turn, can potentially be used to correlate

chemical composition to mechanical properties.

4.5.4 Sources of further information and advice

AFM provides a powerful tool with which to visualize surfaces at very small scale. For

some types of surfaces, subnanometer size features can easily be resolved in the x–y
plane. AFM creates a false-color image relative to the interaction (a combination of

attractive and repulsive forces) between the tip and the sample surface beneath the

probe tip. It is this complex interaction of forces that is recorded in the AFM image,

and while these “images” are necessarily related to the characteristics of the surface,

the exact nature of the surface–force interaction with the probe remains difficult to

resolve in bitumen research. The relative force felt by the tip is affected by the com-

position and charge distribution in the sample and the intervening media (i.e., air, liq-

uid, and vapor), as well as the relative distance between the tip and the surface. The
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complex nature of the forces acting between the tip and the surface provide room for a

variety of interpretations of the resulting images.

Multiple image types (e.g., topography, phase, and lateral friction) are often con-

sidered to provide clues as to how an image may best be interpreted. Nonetheless,

interpretation of the images can still be difficult, as evidenced by the variety of

hypotheses that have been presented to explain the “bee structures” that are commonly

observed on asphalt surfaces. Over the course of some 15-plus years, numerous

hypotheses relating these microstructures to a variety of chemical constituents have

been advanced. As the volume and quality of experimental evidence increased, cur-

rent hypotheses were adjusted. Many of the researchers currently using AFM to study

asphalt now agree that the bee structures are related to waxy materials crystallizing on

the surface, but this interpretation, even after 15-plus years of study, is still of debate.

Practical guidelines for the interpretation of AFM images of complex media such

as bitumen are emerging. For example, if a feature is present in the phase image, but

not in the topography image, it can be concluded that the contrast in the phase image is

probably due to the composition, rather than the relative height of the sample surface,

and vice versa. Imaging at more than one set point (i.e., magnitude of the tip-sample

interaction as controlled by the instrument) can provide additional clues as to the

nature of the interaction that has resulted in some area of contrast in the image. Com-

bining different AFM techniques (e.g., phase with friction, nanomechanics with imag-

ing) with other techniques (e.g., optical and environmental scanning electron

microscopes) can help with image interpretation.

In general, for a complex material such as asphalt, the interpretation of AFM

images will not be a simple matter. Accurate interpretation will likely require integra-

tion of experimental techniques. To further aid image interpretation, there is a variety

of image analysis software that provides qualitative and quantitative information to

help interpret images, typically relative to a prescribed contrast range, which may

in turn be correlated with some particular characteristic of the sample. These types

of software can be particularly useful for combining image information from different

techniques to develop a multifaceted picture of the sample surface.

Finally, sample preparation may be the most critical aspect of any imaging tech-

nique. What one sees often depends to a very large extent upon how the sample was

prepared prior to imaging. Most researchers have noted that the appearance of an

asphalt surface, as imaged by AFM, can change dramatically when the sample is

heated and cooled. AFM imaging provides no way to determine which image is best

representative of the actual microstructure. AFM can only image a surface, so the

method used to prepare a sample surface becomes extremely important. There is sig-

nificant disagreement among researchers as to whether the microstructures frequently

imaged on asphalt surfaces are representative of the structural arrangement in the bulk

material. This is an important question, because it is likely that the bulk structure is as

relevant as surface structuring in terms of influencing the mechanical properties, and

hence the performance, of bituminous materials.

As mentioned previously in this chapter, various sample preparation techniques

that are designed to expose an interior surface to the AFM probe, without significantly

altering that surface, are currently being explored. These new techniques should allow

researchers to better look “beneath the surface” to reveal the internal microstructure of
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asphalt materials. Using these new techniques, combined with traditionally utilized

test methods, the thus far elusive connection between asphalt performance and asphalt

microstructure as “seen” in AFM images may better be realized.
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5Cracking mechanisms in

asphalt mixtures

R. Roque, J. Zou, D. Hernando
University of Florida, Gainesville, FL, USA

5.1 Introduction

A clear understanding of the mechanisms of pavement cracking is the cornerstone of

effective mitigation of premature failure and evaluation of how introduction of new

materials and technology will affect cracking performance. Traditionally, the asphalt

pavement community has based most of its mixture and pavement design systems on

the hypothesis that cracking, especially load-induced cracking, primarily results from

a continuous accumulation of distress caused by repeated application of wheel loads

from the time the pavement is open to traffic (traditional fatigue approach). Although

it is undeniable that progression of pavement cracking involves repeated load appli-

cations, it does not necessarily follow that fatigue is the primary mechanism that leads

to cracking in asphalt mixture and pavement.

An alternate explanation for the initiation and progression of pavement cracking is

based on the hypothesis that all forms of pavement cracking, including load-induced

cracking, are a result of relatively few critical loading conditions that induce perma-

nent damage and development of cracks (critical condition approach). This approach

implies that the majority of wheel load applications, especially during the early life of

the pavement, do not contribute to cracking. Instead, changes in mixture properties

throughout the life of the pavement that make the mixture stiffer, more brittle, and

less able to heal may be one of the primary determinants of cracking performance.

Furthermore, mixture failure limits defined on the basis of number of repeated load

applications to failure (fatigue tests) may not be very effective for evaluating mixture

performance.

Clearly, determination of which approach most accurately represents the actual

mechanisms of pavement cracking is of great importance to the pavement commu-

nity because it affects almost every aspect of asphalt pavement engineering, from

material selection, testing, and specification, to pavement structural design. This

chapter attempts to address this important issue by interpreting results of recent

experiments, advanced modeling efforts, and evaluation of field performance in terms

of their implications regarding mechanisms of pavement cracking. A thorough

analysis of these results in Section 5.2 reveals that consideration of the critical con-

dition approach is needed for better evaluation and prediction of cracking perfor-

mance in asphalt pavements. Section 5.3 provides a comprehensive framework for

implementation of the critical condition approach into a prediction model, hot mix
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asphalt-fracture mechanics (HMA-FM). Section 5.4 shows how the HMA-FM frame-

workwas integrated into a top-down cracking (TDC) prediction system. Example sim-

ulations are presented for two in-service pavement sections. Summary and

conclusions are included in Section 5.5. The chapter concludes with some final

thoughts regarding implications for research and practice related to asphalt pavement

engineering.

5.2 Key observations on cracking

The summary presented in Table 5.1 shows that, in general terms, the causes and

mitigating factors associated with three predominant types of cracking in flexible

pavement systems are well understood. This understanding provides excellent insight

as to how relative changes in material properties or pavement structural characteris-

tics affect cracking. However, development of more effective material specifications

and structural design systems requires a much higher level of understanding of

the specific mechanisms describing the sequence of events and interrelationships

among the different factors that lead to initiation and growth of cracks in actual

pavement.

Table 5.1 Causes and mitigating factors of cracking in flexible
pavements

Type Primary causes

Secondary

causes

Primary

mitigating factors

Traditional fatigue

cracking (bottom-up)

Structural:

– Bending

Asphalt mixture:

– Fracture and

aging

resistance

– Stiffer base

(lower E1/E2

ratio)

– Thicker asphalt

layer

Top-down cracking Asphalt mixture:

– Fracture and

aging

resistance

Structural:

– Bending

Thermal:

– Thermal stress

Higher fracture

and aging

resistance:

– Modifier/binder

– Gradation

Thermal cracking Asphalt mixture:

– Stiffness

– Fracture and

aging

resistance

Structural:

– Base/subgrade

– Softer binder

– Gradation for

less aging and

thermal

contraction
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The following sections attempt to extract greater clarity regarding cracking mech-

anisms by exploring key observations made on this subject over the last several

decades. More specifically, emphasis is placed on determining whether the traditional

fatigue approach or the critical condition approach is more closely aligned with obser-

vations made based on both experimental methods and advanced modeling regarding

cracking performance of asphalt mixture and pavement. This is accomplished by

examining whether observations made are consistent with the fundamental assump-

tions of the two approaches. Consequently, a brief overview of the approaches is

helpful in putting observations into proper context.

Traditional fatigue is based on the hypothesis that progressive cumulative damage

caused by repeated wheel load applications leads to pavement distress in the form

of cracking in the wheel paths. Furthermore, implementation of this hypothesis

assumes that results of laboratory fatigue tests are directly related to cracking distress

in field pavement. A general form of a traditional fatigue relationship is shown in

Equation (5.1) and further developed in Figure 5.1:

Nf ¼C � 1

E

� �f1

� 1

et

� �f2

(5.1)

where number of cycles to failure (Nf) is a function of laboratory fatigue test coeffi-

cients (f1 and f2), tensile strain at the bottom of the asphalt layer (et), modulus of mix-

ture (E), and a field calibration coefficient (C). Note that failure in traditional fatigue is
usually associated with some percentage of pavement surface area cracked. Miner’s

(1945) hypothesis is employed to accumulate damage associated with changes in

pavement temperature, which affect mixture stiffness (E), and moisture, which

may affect stiffness of subgrade and other structural layers. Effects of load type (single

axle, tandem axle, etc.) and magnitude are typically dealt with by using an equivalent

load concept (e.g., ESAL). An examination of the elements associated with the

traditional fatigue approach reveal the following inherent assumptions:

“Failure” ≡ % area cracked

Nf

Nf =

f2 f1 
C

Nf

E1

E0

E
1 1

Failure0.5.E0

E2

e t

e t

e t

e t

Figure 5.1 Development of a

fatigue relationship for

traditional fatigue approach.
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l Changes in pavement condition, particularly stress concentrations/intensities associated

with initiation and progression of cracks, are not considered.
l Mixture failure, which is typically defined as the state when effective beam stiffness is

reduced by 50%, is not fundamentally tied to fracture, so there is no direct relationship

between rate of damage in the laboratory and rate of damage in the field.
l Healing is not considered, although its effect is probably lumped into calibration

coefficients.
l Because of the enormous number of load applications and changing conditions during the

service life of a pavement, implementation requires selection of a few representative tem-

perature profiles and moisture conditions, which in effect precludes consideration of critical

conditions that may result in damage rates far greater than those included in fatigue

experiments.

Implications of these assumptions are shown in Figure 5.2, which conceptually

illustrates characteristic differences in accumulation of distress for traditional fatigue

and critical condition approaches. Both approaches begin with zero distress/cracking

and end with a predefined threshold of distress/cracking considered to be failure.

However, the path between these two points is clearly different.

Distress accumulates in a continuous manner in traditional fatigue, whereas accumu-

lation of distress in critical condition is stepwise discontinuous. Furthermore, although

some nonlinearity in distress accumulation may exist in traditional fatigue, the critical

condition approach is by definition highly nonlinear, going from zero distress accumu-

lation in early life to very rapid accumulation near end of life. This observation indicates

that the critical condition approach appears to be more consistent with field observa-

tions, where cracking is typically not observed before pavement is several years in

service. Reasons for the cited differences in distress accumulation are associated with

the differences in fundamental assumptions between the two approaches. In contrast to

traditional fatigue, the critical condition approach assumes the following:

D
is

tr
es

s

Load cycles/time

Threshold

Traditional 
fatigue 
approach

Critical 
condition 
approach

Figure 5.2 Differences in distress accumulation for traditional fatigue and critical condition

approaches.
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l Changes in pavement condition caused by stress concentrations/intensities associated with

initiation and progression of cracks are considered a very important factor in damage

accumulation and must be dealt with explicitly.
l A threshold exists below which neither permanent damage accumulation nor crack propa-

gation occurs, even though many load repetitions are applied. Consequently, pavement

distress is a stepwise discontinuous process in that only critical combinations of loads,

material properties, and pavement structure characteristics result in accumulation of distress

or crack propagation.
l Mixture failure is fundamentally defined as initiation or advancement of a crack, so there is a

direct relationship between rate of damage in the laboratory and rate of damage in the field.
l Healing is considered a very important factor in damage accumulation and must be dealt

with explicitly.

In the following subsections, differences in assumptions between traditional fatigue

and critical condition approaches are examined based on results of experiments

and advanced model studies. Particular emphasis is placed on the following key

questions:

l Is there a threshold below which damage does not accumulate?
l Does 50% reduction in stiffness define failure clearly enough for asphalt mixture?
l Is healing real and, if so, how important a role does it play in cracking performance?
l Is it likely that critical loading conditions commonly occur that induce permanent damage

with few load applications?

5.2.1 Experimental observations

Implications of extensive experimental research findings associated with cracking

mechanisms of asphalt mixture are examined in this section. Three general areas of

research are examined: fatigue, microdamage healing, and failure limits (damage

and fracture threshold).

5.2.1.1 Fatigue results

A summary of asphalt mixture fatigue coefficients reported by different institutions is

presented in Table 5.2. The large variation in each of the coefficients reported indi-

cates that traditional fatigue relationships are not fundamental enough to capture

important differences in fatigue behavior for the range of binders and mixtures eval-

uated. The relative importance of stiffness and strain level, which is reflected in

parameters f1 and f2, is enormous. Furthermore, field calibration coefficients not only

vary greatly but also are far from a value of 1, indicating a large departure between

failure as measured in the laboratory and that observed in field pavement. Although

some variability and need for calibration is expected for a problem as complex as

cracking in asphalt pavement, the lack of agreement or consistency in results legiti-

mately raises the question of the validity of traditional fatigue.

Figure 5.3 (Lundstrom et al., 2004) illustrates the fact that fatigue test results can

vary not only with mode of loading (controlled stress or controlled strain) but also with

specimen geometry and strain (or stress) amplitude. The fact that mixtures do not
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appear to accumulate damage below a certain strain amplitude (controlled strain test at

too low strain amplitude in Figure 5.3a) supports the existence of an endurance limit.

More specific evidence of this phenomenon is presented in Section 5.2.1.3. Figure 5.3

also shows that identification of failure in fatigue can be affected by specimen geom-

etry, even when failure is defined as 50% reduction in stiffness.

Figure 5.4 (adapted from Lundstrom et al., 2004) clearly shows that stiffness at

failure increases (percent reduction in stiffness decreases) as the mixture gets stiffer

and more brittle. Stiffer and more brittle mixtures typically yield a small reduction in

stiffness at failure. It is interesting to note that stiffer and more brittle mixtures

Table 5.2 Summary of asphalt mixture fatigue coefficients
reported by different institutions

Institution C f1 f2

Asphalt Institute (1982) 0.0796 0.854 3.291

Shell (1978) 0.0685 2.363 5.671

Transport and Road Research Laboratory

(Powell et al., 1984)

1.66�10�10 0 4.32

Belgian Road Research Center

(Verstraeten et al., 1977)

4.92�10�14 0 4.76

Coefficients for the general fatigue relationship Nf ¼C � 1

E

� �f1
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et
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Figure 5.3 (a–d) Typical fatigue paths for asphalt mixtures from uniaxial testing and sinusoidal

loading.

After Lundstrom et al. (2004).
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subjected to low strain levels (below the endurance limit) may withstand an indefinite

number of cycles in a fatigue test (Figure 5.5). On the other hand, reduction in stiffness

at failure for a more ductile asphalt mixture can exceed the 50% criterion used in tra-

ditional fatigue. These observations are clear evidence that 50% reduction in stiffness

is not fundamentally tied to fracture. The other important implication of this observa-

tion, which is not explicitly shown in the previous figures, is that stresses closer to the

absolute tensile strength of the mixture determined in monotonic loading are required

to induce damage for a stiffer, more brittle mixture. This also means that it is much
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more difficult to select an appropriate strain amplitude for testing of a stiffer, more

brittle mixture (i.e., the likelihood of getting a result similar to the one in

Figure 5.3a increases). Consequently, fatigue tests can easily produce counterintuitive

results for stiffer, more brittle materials. For example, a highly oxidized mixture,

which most asphalt pavement engineers would agree will result in very poor cracking

performance, may easily yield excellent fatigue results.

It should be noted that more advanced fatigue models developed more recently, such

as the viscoelastic continuum damage (VECD) approach (Daniel and Kim, 2002) or

DBNmodel (Di Benedetto et al., 2007), aremore fundamental in nature and yield results

that are independent of mode of loading. These models can effectively isolate micro-

damage from other effects, such as time dependency and temperature, that can also

reduce the apparent stiffness during repeated load fatigue tests. However, even for these

more advanced models, identifying a fundamental definition of failure (i.e., other than

50% reduction in stiffness) during repeated loading, and obtaining relevant test results

for stiffer, more brittle mixtures, remain a challenge.

5.2.1.2 Microdamage healing

For more than 25 years, researchers have been reporting evidence of microdamage

healing, initially on asphalt binders, and later on asphalt mixtures (Little et al.,

1987, 1997; Kim and Little, 1989; Little and Prapnnachari, 1991). Figure 5.6 presents

evidence of healing in asphalt mixtures reported by Daniel and Kim (2001). As shown

in the figure, rest periods during repeated load fatigue tests resulted in nearly complete
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recovery of mixture stiffness. Tests clearly indicated that rest periods extended fatigue

life. Their work also showed that healing was faster at 60 °C than at 20 °C.
Kim and Roque (2006) also presented clear evidence of healing in asphalt mixtures.

Figure 5.7 shows nearly complete recovery of mixture stiffness (expressed as reduc-

tion in resilient horizontal deformation in the figure), which resulted in a manner of

minutes after loading was stopped. Kim and Roque (2006) also showed that healing

rate increased with temperature (Figure 5.8), and that rate of healing increased with

level of damage (Figure 5.9). The latter result is particularly interesting because it

indicates that about the same amount of time is required for full healing, regardless

of damage level.
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Figure 5.7 Recovery of stiffness (expressed as reduction in resilient deformation) for an asphalt

mixture subjected to loading-healing cycles (Kim and Roque, 2006).
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Given that even for the most heavily trafficked pavement, several minutes may

pass between applications of heavy wheel loads in actual in-service conditions, these

results imply that accumulation of damage is unlikely in the field. In addition, except

in very cold climates, in-service pavement reaches temperatures well in excess of

20 °C on a daily basis, so even if some damage accumulated during the cooler part

of the day, it is likely completely healed during the warmer part of the day.

5.2.1.3 Damage and fracture threshold

Ample evidence exists of a threshold below which neither permanent damage

accumulation nor crack propagation occurs, even when many load repetitions are

applied. Carpenter et al. (2003) reported identification of an endurance limit in asphalt

mixtures, which is a strain threshold below which damage does not accumulate under

repeated loading. Typical results of repeated load tests performed using strain levels

below the endurance limit are presented in Figure 5.10 (Carpenter et al., 2003), which

shows that after an initial loss of stiffness, which can be attributed to internal temper-

ature changes and thixotropy effects, mixture stiffness remained constant as additional

repeated loads were applied. Note the similarity between Figures 5.10 and 5.3a

(controlled strain test at too low strain amplitude), which is in fact a fatigue test per-

formed below the endurance limit. Figure 5.10 also shows that change in dissipated

energy (DDE/DE) between load cycles remained constant while stiffness remained

constant. This was interpreted as further evidence of no damage accumulation,
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because accumulation of damage should lead to an increase in dissipated energy and

reduction in stiffness. Existence of an endurance limit implies one of two possibilities:

(1) no damage accumulates at strain levels below the endurance limit or (2) the rate of

healing is equal to damage accumulation rate at these strain levels. Their findings

indicated this threshold to be about 70–90 microstrain.

Roque et al. (2002) reported identification of a fracture energy threshold, below

which microdamage is healable and above which macrocrack initiation and growth

occur. In other words, this is the maximum energy that an asphalt mixture can absorb

without fracturing. Figure 5.11 shows results of two repeated load tests. In the first

case (Figure 5.11a), repeated loads were applied such that accumulated energy was

maintained below the threshold. Repeated loading was then stopped, and the mixture

was allowed to rest for 12 h at 30 °C. Repeated load applications commenced after the

rest period, and the mixture was found to have fully recovered its original stiffness

(as reflected by resilient deformation), indicating that damage had fully healed. In

the second case (Figure 5.11b), the specimen was subjected to repeated loading such

that accumulated energy exceeded the threshold. As before, repeated loading was then

stopped, and the mixture was allowed to rest for 12 h at 30 °C. However, when
repeated load applications commenced after the rest period, the mixture was found

to not have recovered any of the stiffness lost, indicating that no healing had occurred.

Furthermore, the rate of damage, as measured by rate of stiffness reduction, was found

to be greater than it was during original loading. These results provide clear evidence

that macrocracking had developed, which not only did not allow healing to occur but

also resulted in stress intensities that accelerated the rate of damage accumulation.

Additional evidence that microdamage is fully healable below the threshold was pre-

sented in Figures 5.6 and 5.7, which show that full healing occurred in repeated load

tests where repeated load applications did not result in failure (i.e., fracture).

5.2.2 Advanced modeling observations

Implications of advanced modeling efforts associated with factors affecting stress dis-

tributions in pavement systems, particularly those that illustrate a significant departure

from stresses typically used to evaluate mixture and pavement cracking performance,
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are examined in this section. Three general areas are examined: radial tire contact stres-

ses, presence of damage zones, and presence of cracks and mixture stiffness gradients.

5.2.2.1 Radial tire contact stresses

Based on measured contact stress distributions under radial truck tires, Myers et al.

(1999) showed that resulting near-surface stress distributions could explain initiation

of longitudinal surface cracks. Figure 5.12 shows the general effect associated with
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Figure 5.11 (a and b) Results of repeated load tests on dense-graded mixture subjected to two

different load peak magnitudes (Roque et al., 2002).

146 Advances in Asphalt Materials



transverse tensile stress measured immediately under each tire rib. Even though

pavement bending stresses are compressive in this zone, the overall effect is transverse

tensile stress on the pavement surface, particularly under the outer rib of tire. Predicted

stresses at the surface of the pavement based on measured tire contact stresses illustrate

this point (Figure 5.13); the tire load resulted in high tensile stress immediately beneath

rib 1 of this tire. As shown in Figure 5.14, the idea that these stresses can explain the

initiation of longitudinal surface cracks, and more generally the incidence of TDC,

becomes even more plausible when one considers the fact that the mixture near the

surface is subjected to the highest level of oxidation and ultraviolet radiation, which

makes the mixture stiffer and more brittle. The very significant effect of stress distribu-

tion of mixture stiffness gradients in the surface layer associated with greater aging and

temperature differentials will be illustrated later in this section.

Molenaar (2004) came to a similar conclusion based on his observations, indicating

that longitudinal cracks can develop at the pavement surface because of complex tire

contact stresses, which result in sharp, clearly visible cracks due to localized stresses.

He also indicated that bottom damage more likely develops as a zone of degradation,

and he seriously doubted that it appears as a visible crack.

5.2.2.2 Presence of damage zones

If permanent microdamage can accumulate, which is an underlying premise of fatigue

cracking, damage zones will develop at different locations in the asphalt layer. Mun

et al. (2004) used VECD analysis to illustrate the potential development of damage

zones in a pavement. Results are summarized in Figure 5.15, which indicates that

location of the zones where the greatest damage occurs is dependent on pavement

structural characteristics (e.g., stiffer, thicker surface layers combined with lower

stiffness base exhibit greater propensity for surface damage).

Overall effect

Radial truck tire
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Figure 5.12 Contribution of

radial tires and pavement bending

to near-surface transverse stress

distribution (Myers et al., 1999).
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One important effect of these zones is conceptually illustrated in Figure 5.16.

Reduced mixture stiffness in these damage zones essentially results in a weakening

of the structure and can significantly alter the stress distribution. Consequently,

damage zones may accelerate progression of damage and cracking or even alter the

mechanism of failure.

5.2.2.3 Presence of cracks and stiffness gradients

It is well known that the presence of cracks causes stress intensities, which can poten-

tially result in localized stresses that approach the tensile strength of the material, even

for modest load applications. Therefore, the need to account for the effects of cracks
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After Mun et al. (2004).
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on stress distribution seems undeniable. Myers and Roque (2002) showed that the

effects of cracks are magnified when stiffness gradients in the asphalt layer, which

are caused by significant variation in oxidative aging and temperature along the depth

of the layer, are considered. They examined changes in stress intensity factor (KI), for

different stages of crack length (from 5 to 40 mm) and various positions of loading

relative to crack location (20–75 cm distance), induced by different stiffness gradient

combinations associated with differences in oxidative aging and temperature along the

depth of the asphalt layer.

Results of the analyses presented in Figure 5.17 indicate that the combined pres-

ence of stiffness gradient and crack had an enormous impact on tensile stress ahead of

the crack tip. In fact, resulting stress intensities were anywhere from 2 to 10 times

greater than those predicted for a typical analysis performed with no stiffness gradient.

5.2.3 Concluding remarks

Results of experimental observations support the hypothesis that progression of pave-

ment cracking is highly nonlinear, going from zero distress accumulation in early life

to more rapid accumulation near end of life, which is consistent with the progression

associated with the critical condition approach presented in Figure 5.2. This is also

more consistent with field observations, where cracking is typically not observed

before pavement is several years in service. The existence of a threshold indicates that

microdamage is permanent only if the threshold is exceeded or if the mixture is no

longer capable of microdamage healing. In addition, research on microdamage heal-

ing indicates that accumulation of damage is unlikely in the field, particularly early in
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the life of a pavement. This appears to support the hypothesis that damage is only per-

manent when a critical combination of loading conditions, temperature, and material

property changes (i.e., oxidative aging and moisture damage that stiffen and embrittle

the mixture, reducing its fracture energy threshold and its healing potential) occur.

Furthermore, one can logically conclude that these critical combinations are far more

likely to occur later in the life of the pavement, after aging and moisture damage have

occurred, and highly unlikely to occur early in its life, when the mixture strain toler-

ance is greatest and healing potential is at its peak (Figure 5.18). This all implies that

progression of pavement cracking is highly nonlinear, going from zero distress accu-

mulation in early life to more rapid accumulation near end of life, which is consistent

with the progression associated with the critical condition approach presented in

Figure 5.2. As mentioned earlier, this is also more consistent with field observations,

where cracking is typically not observed before pavement is several years in service.

Results of advanced modeling efforts clearly indicate the need to consider condi-

tions other than those typically used to determine pavement response in the traditional

fatigue approach. There is significant evidence that discontinuities develop during a

pavement service life, which result in magnification of stresses. Near-surface stresses

under radial truck tires, damage zones, cracks, and stiffness gradients can significantly

alter stress distribution in the pavement. This implies that the initiation and progres-

sion of cracks is likely greatly influenced by local stress concentrations caused by a

combination of factors.

5.3 Implementation of the critical condition approach
using hot mix asphalt-fracture mechanics (HMA-FM)

The thorough analysis of experimental observations and advanced modeling

conducted in the previous section reveals that the critical condition approach better

represents the mechanisms of cracking observed in asphalt pavements in the field.

This section describes the development of a viscoelastic fracture mechanics-based
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Figure 5.18 (a and b) Effect of aging on energy threshold and damage accumulation/healing.
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model, HMA-FM, which provides a comprehensive framework for practical imple-

mentation of the critical condition approach into an evaluation and prediction model.

The key features of HMA-FM are summarized as follows:

l The asphalt mixture is modeled as a viscoelastic material; damage is associated with its

viscous response (creep).
l The verified threshold concept is introduced as a key element in the cracking process: if the

threshold is not exceeded, only healable microdamage develops in the material; however,

nonhealable macrodamage (crack initiation or growth) results once the threshold is

exceeded.
l Asphalt mixture failure is fundamentally defined as the initiation or propagation of a crack.
l The model considers both fundamental failure limits and rate of damage to identify the onset

of crack initiation and crack propagation.
l The effects of healing can be inherently dealt with in the crack growth law.
l Crack propagation is defined as a stepwise discontinuous process, which agrees with

propagation observed in the field.
l The model accounts for the effects of pavement structural characteristics and material

properties on cracking performance.
l The parameters required can be obtained from relatively simple and well-established

Superpave Indirect Tension (IDT) tests.

HMA-FM appears to provide a powerful tool for mixture design and optimization. The

model can also be used as the foundation for the prediction of pavement cracking

performance for the purposes of specification development and mixture design.

The following subsections further develop the basic principles of HMA-FM, its step-

wise discontinuous crack growth law, and an energy-based performance parameter

derived from field investigations.

5.3.1 Basic principles of HMA-FM

5.3.1.1 Threshold concept

The threshold concept is based on the observation that microdamage in asphalt mix-

tures (i.e., damage that may potentially lead to crack initiation or crack propagation)

appears to be fully healable, whereas macrodamage (i.e., damage associated with

crack initiation or propagation) does not appear to be healable (Zhang, 2000;

Zhang et al., 2001a,b; Roque et al., 2002). This implies that a damage threshold exists

below which damage is fully healable. Once the threshold is exceeded, the developed

macrodamage is no longer healable. Therefore, the threshold defines the development

of macrocracks (macrodamage), at any time during either crack initiation or propaga-

tion, at any point in the mixture. If loading and healing conditions are such that the

induced energy does not exceed the mixture threshold, then the mixture may never

crack, regardless of the number of load repetitions applied.

5.3.1.2 Failure limits

As discussed by Zhang (2000) and Roque et al. (2002), fracture (crack initiation or

crack propagation) can develop in asphalt mixtures in two distinct ways: repeated load

applications or a single load excursion. An energy threshold or failure limit has then
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been defined for each distinct fracture mode: dissipated creep strain energy density

limit (DCSEf) and fracture energy density limit (FEf), respectively.

Failure limits can be easily determined from the stress–strain response of an asphalt

mixture under a fracture test (Figure 5.19). The fracture energy density limit (FEf) is

determined as the area under the stress–strain curve, while the dissipated creep strain

energy density limit (DCSEf) is the fracture energy density limit minus the elastic

energy (EE) at the time of fracture. A predicted or measured modulus, e.g., resilient

modulus (MR), and tensile strength (St) are used to define EE. It is important to point

out that these two energy failure limits (DCSEf and FEf) have been identified as fun-

damental material properties of asphalt mixtures, independent of mode of loading, rate

of loading, and specimen geometry (Birgisson et al., 2007).

The lower energy threshold (DCSEf) is selected as the failure criterion under

repeated load applications (Figure 5.20a). When repeated stresses significantly below

the tensile strength occur, cracking will eventually take place if the rate of damage

FEf = DCSEf + EE

DCSEf = FEf – EE 
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Figure 5.19 Determination of failure limits in asphalt mixtures from a stress (s)–strain
(e) diagram: fracture energy density limit (FEf) and dissipated creep strain energy density

limit (DCSEf).

Notes: Failure limits defined in terms of energy density should be reported in units of energy per

unit volume (e.g., kJ/m3).
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accumulation exceeds the rate of healing during the loading period. In contrast, the

upper energy threshold (FEf) corresponds to the failure criterion under a single load

excursion (Figure 5.20b). In this case, cracking will occur if any single load applied

during the loading cycle exceeds the threshold required to fracture the mixture.

5.3.1.3 Rate of damage

One unique feature of the HMA-FM model is the consideration of both failure limit

and rate of damage to predict fracture. The rate of damage of an asphalt mixture under

repeated load applications is defined as the dissipated creep strain energy density

accumulated per load cycle (DCSE/cycle). Therefore, there is an inherent assumption

that damage can be quantified in terms of the viscous response (creep) of an asphalt

mixture.

For a haversine load consisting of a 0.1-s loading period followed by a 0.9-s rest

period (Figure 5.21), which represents a moving wheel in the field, DCSE/cycle is

defined as the integral of the stress s(t) multiplied by the creep strain rate _ecr(t):

DCSE=cycle¼
ð0:1
0

s tð Þ � _ecr tð Þ �dt¼
ð0:1
0

save � sin 10ptð Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
s tð Þ

� _ecr,max � sin 10ptð Þ|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
_ecr tð Þ

� dt

(5.2)

where save represents the average peak stress in the zone of interest, and _ecr,max is the

maximum creep strain rate, which occurs at the peak stress. Note that according to

the definition of viscosity (viscosity¼ stress/strain rate), creep strain rate follows

the same sinusoidal function of the applied stress.

The maximum creep strain rate for a haversine load can be estimated from a creep

test based on the relationship between strain e(t) and compliance D(t):

e tð Þ¼ s�D tð Þ (5.3)
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Figure 5.21 Haversine load representing a moving wheel in the field.
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A convenient way to express the compliance curve obtained from a creep test is the use

of a power law fitting function (Equation 5.4). Note that D0, D1, and m are simply

fitting parameters (they do not necessarily have a physical meaning):

D tð Þ¼D0 +D1� tð Þm (5.4)

Compliance rate _D tð Þ can be derived from Equation (5.4):

_D tð Þ¼ dD tð Þ
dt

¼ d

dt
D0 +D1� tð Þm½ � ¼m �D1 � tð Þm�1

(5.5)

Typically, a 1000-s creep test has been considered to be enough to isolate the viscous

response of asphalt mixture for intermediate temperatures associated with fatigue

cracking (0�25 °C). Therefore, maximum creep strain rate can be estimated from

compliance rate at t=1000 s:

_ecr,max � save � _D tð Þ��t¼ 1000s¼ save �m �D1 � 1000ð Þm�1
(5.6)

Substituting Equation (5.6) into Equation (5.2) and solving the integral in time for the

sinusoidal function, the rate of damage (DCSE/cycle) is finally obtained:

DCSE=cycle¼ 1

20
� saveð Þ2 �m �D1 � 1000ð Þm�1

(5.7)

It should be pointed out that healing, which can be described in terms of recovered

DCSE per cycle (Kim and Roque, 2006), should be determined and used to adjust

the rate of damage.

5.3.1.4 Material parameters

Table 5.3 summarizes the material parameters considered in the model. All these

parameters can be accurately determined using Superpave IDT tests, following the

procedure described by Roque and Buttlar (1992), Buttlar and Roque (1994), and

Kim and Roque (2006).

Not only can these parameters be used to predict damage and crack growth in

mixtures subjected to generalized loading conditions, but they are also suitable for

use in mixture design and optimization. For example, it is clear that fracture tolerance

improves as the DCSEf limit increases. Similarly, a lower creep rate, which is a function

ofD1 and m-value, will result in a lower rate of damage accumulation. However, lower

rate of damage does not necessarily ensure improved cracking performance, because

failure limit and healing rate are also involved in the cracking mechanism.

5.3.2 Crack growth law

The HMA-FM model considers a stepwise discontinuous crack growth law, as shown

in Figure 5.22. When DCSE accumulated in the zone with the highest average tensile

stress equals the DCSEf limit of the mixture, a crack initiates. After a damage
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accumulation phase, the crack will propagate through the contiguous zone when the

DCSE accumulated in that zone equals the DCSEf limit of the mixture, and so on. Note

that the model keeps track of the DCSE induced in all zones where crack growth may

be of interest, every step of the way.

The basic analysis framework of the model can be summarized as follows:

1. Divide potential crack path(s) into zones. Previous analysis showed that zone size had little

effect on the predicted rate of crack propagation (Sangpetngam, 2003), so zones of fixed size

are considered appropriate for the analysis. Typically, a zone size of 5 mm is used, which

Table 5.3 Asphalt mixture parameters considered in the
HMA-FM model

Test Temperature Parameters Application

Fracture 10 °Ca Fracture energy density (FEf) Failure limit

Dissipated creep strain energy

density (DCSEf)

Failure limit

Tensile strength (St) Failure limit and

Stress

distribution

Resilient

modulus test

10 °Ca Resilient modulus (MR) Failure limit

Creep test 10 °Ca Creep compliance rate: m, D0, D1 Rate of damage

Healing test 20 °C Healing rate (h) Rate of damage

aA temperature of 10 °C was found to be representative of the intermediate service temperatures associated with
conditions that are conducive to cracking of asphalt mixtures in the field (Roque et al., 2004).

C
ra

ck
 le

ng
th

Number of load applications

Crack initiation in zone 1

Crack propagation through zone 2

Crack propagation through zone i
Damage accumulation

phase

Figure 5.22 Stepwise discontinuous crack growth law used in HMA-FM model.
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is assumed to capture the effect of stress concentration near the contact points between

aggregates within the asphalt mixture.

2. Determine the stress distribution and compute the average tensile stress in each zone i during
condition 1, (save)i,1.

3. Calculate the rate of damage in each zone for condition 1, (DCSE/cycle)i,1, according to

Equation (5.7) and the average tensile stresses calculated in step 2.

4. Compute the number of cycles for crack initiation in zone 1, Nf,1:

Nf,1 initiationð Þ¼ DCSEf

DCSE=cycleð Þ1,1
(5.8)

in which DCSEf is the failure limit of the asphalt mixture and (DCSE/cycle)1,1 is the rate of

damage for zone 1 during condition 1.

5. Determine the new stress distribution as a result of crack growth. Once the crack initiates, the

stress distribution ahead of the crack tip s(r) can be estimated as:

s rð Þ¼ sFA
a + rffiffi

r
p � ffiffiffiffiffiffiffiffiffiffiffiffi

2a + r
p (5.9)

where r is the distance measured from the crack tip, a is half the crack length, and sFA rep-

resents the faraway stress. As shown in Figure 5.23, tensile stress has an upper bound equal to

the tensile strength of the asphalt mixture (St) and a lower bound equal to the faraway stress
(sFA).

6. Compute the average tensile stress in each zone during condition 2, (save)i,2.
7. Calculate the rate of damage in each zone for condition 2, (DCSE/cycle)i,2, according to

Equation (5.7), and (save)i,2 obtained in step 6.

8. Compute the number of cycles for crack propagation through zone 2, Nf,2:
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a  +  r

r 2 a + r

Figure 5.23 Stress distribution ahead of the crack tip after crack initiation (condition 2).

Note: “a” is half the crack length.
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Nf,2 propagationð Þ¼DCSEf � DCSE=cycleð Þ2,1 �Nf,1

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Accumulated from previous condition

DCSE=cycleð Þ2,2
(5.10)

where (DCSE/cycle)2,1 is the rate of damage for zone 2 during condition 1, (DCSE/cycle)2,2
is the rate of damage for zone 2 during condition 2, and Nf,1 is the number of cycles to fail

zone 1.

9. Repeat steps 5 through 8 to determine crack propagation through contiguous zones. Note that

the fracture energy density limit (FEf) also has to be checked for every condition.

It should be pointed out that crack propagation predicted by the model (crack length

vs. number of load repetitions) agreed closely with crack growth measured in

laboratory tests (Zhang, 2000; Zhang et al., 2001b; Roque et al., 2002). These results

support that the HMA-FM model appears to rationally and reliably predict cracking

performance of asphalt mixtures.

5.3.3 Energy-based parameter to evaluate
cracking performance

A detailed analysis and evaluation of 22 field test sections throughout the state of

Florida resulted in the development and verification of energy-based criteria for

cracking evaluation in asphalt mixtures (Roque et al., 2004). The work clearly indi-

cated that there is no single mixture property or characteristic (volumetrics, viscosity

of recovered binder, resilient modulus, tensile strength, creep compliance, etc.) that

can reliably predict cracking performance of asphalt mixtures. A parameter named

energy ratio (ER), which was derived using the HMA-FM model, was determined

to accurately distinguish between pavements that exhibited cracking and those that

did not, except for mixtures with excessively low or unusually high dissipated creep

strain energy thresholds.

The ER is defined as the dissipated creep strain energy density limit of the mixture

(DCSEf) divided by a minimum dissipated creep strain energy (DCSEmin) for satis-

factory performance:

ER¼ DCSEf

DCSEmin

¼ DCSEf

m2:98 �D1

A

(5.11)

where m and D1 are the creep compliance power-law fitting parameters and A is an

empirical parameter that depends on the tensile stress in the pavement section (st)
and the tensile strength of the mixture (St). For st and St expressed in MPa, and D1

in GPa�1A can be calculated as:

A¼ 8:64 �10�4 � 6:36�Stð Þ
st3:1

+ 3:57 �10�3 (5.12)

The ER accounts for the effects of pavement structural characteristics (st) and mate-

rial properties (DCSEf, St,m,D1) on cracking performance: the higher the value of the
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ER, the better the expected cracking performance of the section. Therefore, ER can be

used to integrate asphalt mixture properties in the pavement design process as well as

to predict the performance of in-service pavement sections.

It is important to note that mixture properties for determination of ER should

be obtained from mixtures conditioned to simulate field-aged materials. Roque

et al. (2012) have determined that oxidative aging using the long-term oven

aging (LTOA) procedure alone does not satisfactorily simulate long-term field aging

as reflected by mixture failure limits. This work showed that cyclic pore pressure

conditioning (CPPC) of mixtures is required after LTOA to more properly simulate

field aging. In addition, ER should not be used to evaluate brittle mixtures

as reflected by a fracture energy density limit lower than 0.75 kJ/m3 (Roque

et al., 2004).

5.4 Top-down cracking (TDC) performance model based
on the critical condition approach

5.4.1 General framework

The HMA-FM-based enhanced cracking performance model (HMA-FM-E) devel-

oped as part of NCHRP Project 01-42A (Roque et al., 2010) was the result of contin-

uous multiyear efforts of the University of Florida Pavement Research Group (Zhang

et al., 2001b; Roque et al., 2002, 2004; Myers and Roque, 2002; Sangpetngam et al.,

2004; Kim and Roque, 2006; Wang et al., 2007; Kim et al., 2008). The enhanced

model maintained fundamental elements of the HMA-FM system. Major enhance-

ments included the development and introduction of submodels that account for

two key factors: aging and healing, which are shown to have significant influence

on TDC performance (Zou et al., 2012).

As shown in the general model framework presented in Figure 5.24, the HMA-

FM-E has four major components: (1) the mixture property submodels to account

Mixture property
submodels

Load response and
load-associated 

damage submodels

Thermal response and
thermal-associated
damage submodels

Damage recovery
and accumulation

process

Inputs

Outputs

Figure 5.24 General framework of the hot mix asphalt-fracture mechanics enhanced cracking

performance (HMA-FM-E) model.
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for changes in damage, fracture, and healing properties of the mixture due to oxidative

aging, including aging submodels for asphalt concrete (AC) stiffness, tensile strength,

and fracture energy density limit, as well as a healing submodel; (2) the load response

and load-associated damage submodels to predict load-induced damage; (3) the ther-

mal response and thermal-associated damage submodels to predict thermally induced

damage; and (4) the damage recovery and accumulation process to accumulate dam-

age after taking healing effects into account. Once the accumulated damage reaches an

energy-based threshold, a crack will initiate or propagate. Details for these major com-

ponents can be found in Zou and Roque (2011). The HMA-FM-E is capable of pre-

dicting the entire process of TDC, from the onset of cracking until pavement failure.

Example simulations will be presented in Section 5.4.3 to illustrate the full capability

of the enhanced performance model.

5.4.2 Model calibration and validation

The HMA-FM-E was calibrated and validated using data from Florida field sections

(Zou and Roque, 2014). The model calibration process involved three phases: (1) field

evaluation, which helped determine cracking performance of field sections and final-

ize the coring plan; (2) laboratory testing on field cores, which provided mixture prop-

erties for use in performance prediction utilizing the enhanced model; and (3) model

calibration, which determined the calibration factor in the model by matching as

closely as possible TDC predictions with observed cracking performance in the field.

For the calibration and validation efforts, 10 field sections were selected. These

were composed of interstate highways and state roads covering a broad range of mix-

tures, traffic levels, and pavement structures, as shown in Table 5.4. Also presented in

the table is cracking performance, including status of cracking at the time of field eval-

uation and crack initiation times, based on the following two sources:

l Crack rating data collected and maintained by the Florida Department of Transportation

(FDOT) during its annually conducted pavement condition survey (PCS) (FDOT, 2009).
l Results of an independent visual inspection of all pavement sections conducted by the UF

research team in 2003 to obtain information on pavement condition and identify specific

distress patterns.

Model calibration was completed to determine the aging parameter k1 (the only cal-

ibration factor of the performance model) by matching as closely as possible predicted

with observed TDC performance in the field, that is, crack initiation time in this study.

Parameter k1 had a strong effect on fracture energy density limit FEf over time, as

shown in Equation (5.13):

FEf tð Þ¼ FEi� FEi�FEminð Þ Sn tð Þ½ �k1 (5.13)

where FEi is the initial fracture energy density of the AC, FEmin is the minimum value

of the FE after a sufficiently long aging period, and Sn(t) is the normalized change in

stiffness at the surface of the AC layer (Roque et al., 2010). It was found that the value

of 3, among all eight k1 values from 0.5 to 5 evaluated in the study, resulted in the best
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match between the predicted and observed crack initiation times, as indicated by the

highest R2 value of 0.933.

The prediction sum of squares (PRESS) method (Lytton et al., 1993) was used to

conduct model validation. In the PRESS procedure, n�1 out of all n data sets/sections
(n¼10) were used at each time to determine the aging parameter k1 (i.e., a new model

was calibrated with nine sections at each time), and then one independent prediction

was made for the remaining section using the calibrated model. The model calibration

and subsequent independent prediction were conducted 10 times following the same

procedure. Figure 5.25 presents the comparison between independent predictions

using PRESS and the observations, where the PRESS R2 was determined to be

0.932, indicating the strong predictive capability of the full model.

5.4.3 Example simulations

Example simulations of TDC in two pavement sections (namely P1 and P2) are pre-

sented to illustrate the full capability of the enhanced cracking performance model.

5.4.3.1 Input module

The inputs required for the HMA-FM-E included five categories: pavement structure,

modulus of unbound materials and AC, fracture and healing property of AC, temper-

ature of AC, and traffic. Details regarding input data for each category are described as

follows:

Table 5.4 Field sections with traffic information and cracking
performance

Section ID Section name County

Traffic/year

(kESALs)

Age

(year)

Cracking

performance

Status ti (year)

1 I-75 S1A Charlotte 573 15 C 10

2 I-75 S1B Charlotte 558 14 C 12

3 I-75 S3 Lee 674 15 C 11

4 I-75 S2 Lee 576 14 U 17

6 SR-80 S2 Lee 207 19 U 22

7 I-10 S1A Suwannee 392 7 C <7

8 I-10 S1B Suwannee 392 7 U 8

9 SR-471 Sumter 26 3 C 2

10 SR-19 Lake 51 3 C 1

11 SR-997 Dade 89 40 C 38

kESALs denotes thousands of ESALs, C denotes cracked status, and U denotes uncracked status.
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l Pavement structure: a three-layer pavement structure was selected for the simulations

(Table 5.5). Thicknesses for AC and unbound base were obtained from design information.
l Modulus of unbound materials: base and subgrade moduli were determined based on back-

calculation from falling weight deflectometer (FWD) tests conducted at the time of field

evaluation (Table 5.5).
l Modulus of AC: the variation of AC modulus due to aging was predicted using the AC stiff-

ness aging submodel, which requires gradation, binder type, and volumetric properties, as

provided in Table 5.6.
l AC fracture and healing properties: variations of AC fracture property and healing

potential over time/age were predicted using the FE limit aging submodel and the healing

submodel. As shown in Table 5.7, these two submodels require the following properties

measured on field cores using Superpave IDT tests (Roque et al., 1997): resilient modulus

(MR), tensile strength (St), fracture energy density limit (FEf), creep compliance at 1000 s
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Figure 5.25 Predicted crack initiation time using prediction sum of squares (PRESS) procedure

versus observed crack initiation time.

Table 5.5 Pavement structure, material properties, and traffic
data used for example simulation

Section ID

Layer thickness (cm) Layer modulus (MPa) Traffic/

year

(kESALs)AC Base/subbase Base/subbase Subgrade

1 18.9 55.0 348.3 355.3 480

2 18.8 56.7 591.2 280.6 1040
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(D1000), and m and D1 power-law fitting parameters determined for the creep compliance

master curve (Buttlar et al., 1998).
l AC temperature: a nonfreeze climate in Melrose, Florida, was selected for the simulations.

Based on the climatic condition and typical pavement material and structural properties of

this area, hourly temperature variations at different depths in the AC layers were obtained

using the enhanced integrated climatic model (Larson and Dempsey, 2003).
l Traffic: traffic data obtained for the year of field evaluation were used in the simulations

(Table 5.5).

5.4.3.2 Predicted results

Predicted cracking performance was presented in terms of normalized crack amount

(CA/CAmax) versus time, where CA denotes crack amount and CAmax is the maximum

level of cracking considered to be pavement failure (Roque et al., 2010). Figure 5.26

shows the predicted cracking performance for pavement sections P1 and P2.

As can be seen, the crack amount increased over time in a stepwise discontinuous

manner for both sections. Themoment of the first increase in crack amount (i.e., the first

step) corresponds to the onset of cracking, and the slope of the straight line connecting the

point for onset of cracking and the point formaximumcrack amount represent the overall

rate of crack growth. It can be seen that P1was predicted to have better performance than

Table 5.6 Mixture gradation and volumetric properties used
as input for AC stiffness aging submodel

Section ID

Percent passing by weight

Vbeff

(%)

Va

(%)

MAAT

(°C)
19

(mm)

9.5

(mm)

4.75

(mm)

0.075

(mm)

1 100.0 99.0 64.0 5.1 10.1 5.4 20.6

2 100.0 89.0 45.0 4.9 10.0 4.2 20.0

Vbeff is effective binder content (percent by volume), Va is percent air voids, and MAAT denotes mean annual air
temperature.

Table 5.7 Mixture fracture and damage properties used as input for
the fracture energy limit aging submodel and healing submodel

Section ID

Age of

cores

(year)

T510 °C T520 °C Master curve

MR

(GPa)

St
(MPa)

FEf

(kJ/m3)

D1000

(1/GPa)

D1000

(1/GPa) m

D1

(1/GPa)

1 11 12.93 2.38 1.90 1.618 3.906 0.564 0.042

2 11 8.16 1.76 2.97 4.515 19.059 0.720 0.045

MR is resilient modulus, St is tensile strength, FEf is fracture energy density limit, D1000 denotes creep compliance at
1000 s, and m and D1 are power-law fitting parameters determined for the creep compliance master curve.
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P2, in terms of both a longer time to crack initiation (16.9 vs. 12.8 years) and a slower rate

of crack growth per year (0.2 vs. 0.3). It is important to note that the predicted crack ini-

tiation timeswere consistent with field observations,whichwere 16 and 10 years for sec-

tions P1 and P2, respectively. This example simulation showed that the performance

model developed based on the critical condition approach appears to have excellent

potential for accurately predicting TDC in field sections.

5.5 Summary and conclusions

A thorough comparison of the traditional fatigue approach and the critical condition

approach was conducted to determine which is more representative of cracking mech-

anisms in asphalt pavement. This was accomplished by examining whether observa-

tions made were consistent with fundamental assumptions of the two approaches.

Results of recent experiments, advanced modeling efforts, and field performance

evaluation appeared to support that cracking is a stepwise discontinuous process in

that only critical conditions result in crack initiation or propagation. Therefore, it

appears that the critical condition approach most accurately represents the actual

mechanisms of pavement cracking. Key findings are summarized below:

l Observations from laboratory experiments showed that most damage induced in pavements

is healable; permanent damage and cracking occur only when critical conditions are reached,

that is, when the energy threshold and healing potential of a mixture are diminished due to

aging and the induced damage is sufficient to exceed the threshold.
l Observations from advanced modeling showed that changes in pavement condition (e.g.,

stiffness gradients due to aging, damage zones due to loads, stress concentrations/intensities)

result in critical stresses that are likely to induce damage exceeding the mixture energy

threshold. Clearly, there is a need to consider critical conditions other than those typically

assumed for the traditional fatigue approach.
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Figure 5.26 Predicted cracking performance for sections P1 and P2 using HMA-FM-E.

164 Advances in Asphalt Materials



l Evaluation of field performance revealed that cracking is typically not observed until pave-

ment is in service for several years, and once it initiates, more rapid accumulation of per-

manent damage leads to pavement failure in less time than is required for crack initiation.

Implementation of the critical condition approach was illustrated using the HMA-FM

model developed at the University of Florida to predict initiation and propagation of

cracks in asphalt mixtures. The model accounts for microdamage, healing, and macro-

damage (cracking) for specified loading conditions, temperatures, and rest periods. A

TDC performance prediction model developed based on HMA-FM was used to show

the full potential of the critical condition approach.

In conclusion, a paradigm shift from the traditional fatigue approach to the critical

condition approach should be seriously considered for pavement cracking analysis

and design. This should result in less “black box” effect (i.e., enhanced understanding

of mechanisms), reduced number of calculations, and more accurate predictions.

5.6 Future research

The critical condition approach implies that changes in mixture properties throughout

the life of the pavement that make the mixture stiffer, more brittle, and less able to heal

are a dominant player for accurately predicting pavement cracking. There are two

major challenges regarding successful implementation of the critical condition

approach. One is accurately addressing and simulating, in both experimental and

advanced modeling efforts, the changes in mixture properties over time due to aging,

including damage properties, failure limits, and healing potential. Most efforts to date

have focused on the development of relationships for simulating the effect of oxida-

tion on mixture stiffness. There is a clear need for a better understanding of all aspects

of aging in order to further improve our ability to predict changes in key material prop-

erties. The other challenge is to clearly identify and validate critical design conditions

for various types of cracking distress.
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6Deformation mechanisms

of bituminous materials

D. Cebon, C.Y. Cheung
University of Cambridge, Cambridge, UK

6.1 Introduction

Pure bitumens are complex polymeric materials. They have been employed for years in

the construction of flexible pavements. It is well known that the composition of pure

bitumens has primary influence on their mechanical behavior, which is in turn very sen-

sitive to stress, strain rate, and temperature. This chapter describes a framework by

which the mechanical behavior of pure bitumens can be understood, in terms of simpli-

fied deformation models, over a wide range of stresses, strain rates, and temperatures.

6.1.1 The composition of pure bitumens

Given below is a brief review of the previous research on the composition of pure

bitumens from which a simplified picture regarding their molecular structure will

be established.

6.1.1.1 The molecular structure of pure bitumens

Prior to 1960, the molecular composition of pure bitumens was defined by the differ-

ent fractions obtained by various fractionation schemes. One of the most popular

schemes separated the fractions by polarity into asphaltenes, resins, aromatics, and

saturates (see chemical definitions by Petersen, 1984). The resins, aromatics, and sat-

urates were collectively called maltenes. The main characteristics of these fractions

are discussed byWhiteoak et al. (2003). Subsequent research using more sophisticated

analytical tools has revealed certain aspects of the chemistry of bitumens in greater

depth. Some of the results that have strong implications on the mechanical behavior

of pure bitumens will be reviewed in the following sections.

Glass transition of pure bitumens
The observation of the glass transition phenomenon and the measurement of the glass

transition temperature Tg for pure bitumens began in the early 1960s. Themain driving

force behind the research efforts was the publication of the Williams–Landel–Ferry

(WLF) equation (Williams et al., 1955) in 1955 and its subsequent success and wide

acceptance in describing the flow behavior of a wide range of liquids above their glass

transition temperatures. Volume dilatometry was commonly employed for measuring
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glass transition (Wada and Hirose, 1960; Schmidt and Santucci, 1966; Schweyer,

1974) by which a 50% increase in the thermal expansion coefficient was observed

when the bitumens changed from glassy to liquid state. In later years, volume dilatom-

etry was gradually replaced by differential thermal analysis (DTA) (Schmidt and

Barrall, 1965), and subsequently by differential scanning calorimetry (DSC), in which

the thermal response to a controlled heating or cooling program is measured (Noel and

Corbett, 1970; Huynh et al., 1978; Claudy et al., 1991).

The research established that the usual range of Tg for bitumens is�40 to 0 °C. The
value of Tg was shown to increase with increasing asphaltene content for bitumens

derived from the same source (Wada and Hirose, 1960; Hirose et al., 1963;

Schmidt and Barrall, 1965). Moreover, by DSC analysis of the various fractions of

the bitumen, it was found that the glass transition of the overall bitumen can be attrib-

uted entirely to the transition of the aromatics and saturates (Noel and Corbett, 1970;

Claudy et al., 1991). While the asphaltenes and the resins display no thermal effects

within the commonly employed temperature ranges, their quantities and interactions

with the other fractions can have strong effects on the glass transition of the overall

bitumen (Noel and Corbett, 1970; Claudy et al., 1991). It is the composition of a given

bitumen fraction that controls the value of Tg for that particular fraction, and not its

molecular weight (Huynh et al., 1978). In addition, the value of Tg was found to be

sensitive to pressure (Schweyer, 1974).

Due to limited success in correlating flow behavior to glass transition temperature,

however, the measurement of Tg has never been employed for specification of pure

bitumens.

Thermal behavior of pure bitumens
More recent emphasis of DSCmeasurements has shifted to broader investigations of the

thermal behavior of pure bitumens. In addition to the increase in heat capacity upon heat-

ing, corresponding to the glass transition of the hydrocarbonmatrix at low temperatures,

a number of endothermal effects have been observed at higher temperatures. These are

due to the dissolution of crystallized molecules present in the saturates (Claudy et al.,

1991). In fact, the crystallizable material as measured by DSC was found to be different

from the wax contents as measured by precipitation (Noel and Corbett, 1970), and its

quantification provided a consistent means of estimating the real weight percentage

of the crystallized fractions, which was superior to the traditional precipitation method.

Attempts to estimate the values of Tg for individual fractions from the molar glass tran-

sition values of their various functional groups and the value ofTg for the overall bitumen

based on the Tg values of its fractions were also reported (Huynh et al., 1978).

Importance of asphaltenes
The proportion of asphaltenes present in any particular bitumen, or the asphaltene

content (by mass), remains the most useful parameter for describing the composi-

tional characteristics of the bitumen. The asphaltene content has been shown to be

related to a number of physical parameters, such as glass transition temperature

(Wada and Hirose, 1960; Schmidt and Barrall, 1965) and viscosity (Mack, 1932;
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Altegelt and Harle, 1975). It also reflects the compositional changes that occur in a

number of physical processes, such as aging of bitumens (Petersen, 1984).

It is well established in the literature that the state of the association and the peptiza-

tion of asphaltenes is one of themost important factors in determining the different prop-

erties of various bitumens. As early as 1932, Mack (1932) analyzed solutions of various

proportions of asphaltenes in maltenes at various temperatures, employing a number of

hypotheses for describing the physical chemistry of these bituminous solutions. He con-

cluded that the significant increase in viscosity with asphaltene content is more likely

the result of association of the solute rather than a result of solvation. Winniford (1960,

1963) provided further evidence for the association of asphaltenes, even in diluted solu-

tion in good solvents. Because the state of aggregation of asphaltenes into clusters is

reduced by agitation, the molecular weights of asphaltenes measured by methods

involving “quiet” systems (e.g., ultracentrifuge) were significantly higher than those

determined by agitated systems (e.g., viscosity) (Winniford, 1960, 1963).

Dickie and Yen (1967) subsequently summarized the results from various molec-

ular weight studies of asphaltenes into a hypothesis regarding the molecular structure

of bitumens in general. They proposed that the divergent results of molecular weight

measurements could be explained by the fact that some measurements might corre-

spond to the weight of the unit sheet, while others correspond to the weight of the

stacked sheets or the micelle weight resulting from the association of two or more unit

cells. More recently, Lian et al. (1994) suggested that an aggregate of asphaltene

micelles with absorbed resins could form a supermicelle (10–20 nm), which in turn

could coalesce into giant supermicelles (200–2000 nm) or flocs (�20 mm) and could

even gradually grow into a liquid crystal (�0.1 mm). In addition to the quantity of

asphaltenes and the extent of their aggregation, the chemical composition as well

as the size (e.g., Winniford, 1960; Dickie and Yen, 1967; Reerink, 1973; Ferworn

et al., 1993; Storm et al., 1993) and shape (e.g., Reerink, 1973; Ferworn et al.,

1993; Storm et al., 1993) of the asphaltene particles were believed to be essential

factors in determining the properties of the overall bitumen.

Significance of functional groups
The presence of certain functional groups in bitumens is known to have disproportion-

ately large effects on various properties of the material (Petersen, 1984). Experimental

methods for studying functional groups in bitumens include selective chemical reactions

(Petersen, 1986), potentiometric titration (Nakajima and Tanobe, 1973), and infrared

spectrometry (Brule et al., 1986; Petersen, 1986; Bukka et al., 1991, 1994). The benefits

of functional group analysis were demonstrated by Bukka et al. (1991, 1994), who were

able to show that the differences in viscosity among a number of bitumens were

explained not by the asphaltene content, but by the amount of carboxylic acid present.

6.1.1.2 Compositional models for pure bitumens

In order to explain the mechanical behavior of pure bitumens in terms of their chem-

ical composition, models describing the structural arrangement at the molecular level

are required. Among the various efforts to summarize the wide range of observations
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into a molecular picture, the colloidal model remains the most successful. It was first

proposed by Nellensteyn (1924), and then developed by Pfeiffer (1950) and refined by

many other researchers. In its simplest form, the model suggests that pure bitumen is a

colloidal system made up of a suspension of asphaltene micelles peptized by resins in

an oily medium (Brule et al., 1986). Pfeiffer (1950) proposed three different models of

colloidal structure: the solution SOL, the elastic SOL, and the gelatinous GEL. They

used these models to explain the differences in the experimentally observed mechan-

ical behavior of different types of bitumens.

Dickie and Yen (1967) proposed a more explicit picture, based on the colloidal

model, for the molecular structure of the material. The picture consisted of various com-

binations of unit sheets of molecules to form particles, micelles, and clusters of micelles

with different mechanisms of molecular interactions. Altegelt and Harle (1975) treated

bitumens as a suspension of asphaltenes in maltenes as the solvent, and yet they con-

sidered the system to be a molecular solution rather than a suspension of small particles.

Petersen (1984) stressed the importance of the molecular interaction of various compo-

nents of bitumens with each other in order to form a balanced or compatible system.

This approach to explaining the chemical and physical properties of bitumens by the

sum total of the composition and interactions of their individual molecules is sometimes

known as the Petersen model (Christensen and Anderson, 1992).

A direct challenge to the colloidal model and an explicit proposal of an alternative

compositional model were reported by Anderson et al. (1991). Their model is called

the dispersed polar fluid model, in which bitumen is pictured as a fluid consisting of a

continuous distribution of molecules of varying size and polar functionality. The inter-

actions among these molecules is due to van der Waals-type bonding, such as hydro-

gen bonding, pi–pi bonding, and polar–polar electrostatic interactions. This model

emanated from the linear viscoelastic behavior observed in small-strain dynamic tests

of the material. Its general acceptance as an alternative to the colloidal model is still to

be established.

6.1.1.3 Summary of the current understanding

The current understanding of pure bitumen as a chemical compound can be summa-

rized as follows. Bitumen is a complex polymeric system that can be characterized by:

(i) The properties of the asphaltenes, including physical properties such as quantities, sizes,

and shapes, as well as chemical properties such as composition, presence of functional

groups or heterocompounds, and reactivity. At the present time, only the quantity of asphal-

tenes can be quantified uniquely, provided that the solvent is specified. Understanding of

the importance of the other elements is still limited.

(ii) The chemical nature of the maltenes. This includes a collection of characteristics that

includes the peptizing power of the resins; the prominent functional groups present in

the bitumen; the nature of the aromatics and saturates, which in turn determines the glass

transition; the crystallization behavior of the bitumen; and the intrinsic properties of the

oily medium in which the asphaltenes are dispersed. While understanding of individual

elements varies, the overall quantification of the effects of individual elements or the

collective effects of a combination of elements is not well understood.
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Ultimately, it will be desirable to quantify the relationships between the chemical

composition and mechanical behavior of pure bitumens. The primary objective of this

chapter is to quantify the mechanical behavior of pure bitumens by physical models

explaining the deformation mechanisms over a wide range of stresses, temperatures,

and strain rates. In order to demonstrate the advantages of employing these physical

models, some quantitative correlation with the chemical composition (asphaltene

content) is attempted. It will be seen that encouraging results can be obtained if cor-

relations by the asphaltene contents are made for bitumens derived from the same

source so that similar chemical nature of the maltenes can reasonably be expected.

6.1.2 Deformation mechanisms of engineering polymers

In amorphous polymers, the glass transition temperature Tg roughly divides the low

temperature behavior from the high (Gilbert et al., 1986). In the glassy regime at tem-

peratures well below Tg, bond stretching and bending control the modulus of the poly-

mers, which directly reflects the stiffness of the van der Waals bonds binding one

molecular chain to another. When the temperature increases, thermal expansion

increases the molecular separation and lowers the van derWaals restoring forces, lead-

ing to a slow decrease in the modulus with increasing temperature. As the temperature

is raised further to about 0.9Tg, the van der Waals bonds start to melt. Segments of the

previously elastically bonded chains can slide relative to each other, and the material

behaves in a viscoelastic way. Finally, at sufficiently high temperature (T>1.2Tg), the
van der Waals bonds melt completely, and amorphous polymers deform by viscous

flow. Brittle fracture is the dominant failure mechanism at low temperatures

(T<0.8Tg), while plasticity usually starts at around 0.8Tg in tension, but extends to

much lower temperatures in compression (Bin Ahmad and Ashby, 1988). Many of

these characteristics are displayed by bitumens (Harvey and Cebon, 2005).

The deformation mechanisms of crystalline materials are much better understood

than those of amorphous materials. Deformation-mechanism maps have been con-

structed in which the kinetic processes of plastic flow of various crystalline materials

are summarized into a comprehensive form (Frost and Ashby, 1982). Not only can

maps for individual materials be used in material selection, but they can also allow

various materials to be classified into isomechanical groups, from which insights into

the physics of materials can be generated.

Deformation-mechanism maps (Bin Ahmad and Ashby, 1988) and modulus maps

(Gilbert et al., 1986) have been developed for a number of commonly employed amor-

phous engineering polymers. The maps summarize the inelastic response of the mate-

rials to stress, over wide ranges of temperatures and strain rates in both tension and

compression, into a number of mechanisms relevant to amorphous materials. Under-

standing of the mechanical behavior of particular materials is greatly enhanced, and

many similarities are found for polymers having similar structures.

This chapter describes deformation-mechanism maps for a particular pure bitumen

commonly employed for pavement construction in the UK. The behavior of pure bitu-

mens can then be compared with that of a number of engineering polymers. This

framework yields a set of simple phenomenological models and associated parameter
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values that fully characterize the material. It can also enable investigation of the

variations in the behavior of bitumens as a function of their molecular structures.

6.2 High-temperature deformation

6.2.1 Free-volume model

At temperatures well above the glass transition, polymeric materials deform by

viscous flow. Within this regime, the strain rate _e is related to the stress s by

_e¼ s
�

(6.1)

where � is the tensile viscosity (three times the shear viscosity). The temperature depen-

dence of the viscosity in this regime is normally described by the WLF equation

(Williams et al., 1955). This model is based on the concept that the molecular mobility

at any temperature depends primarily on the free volume. TheWLF equation is given by

�¼ �o exp
�2:303 co1 T�Toð Þ

co2 + T�Toð Þ (6.2)

where �o is the reference viscosity at a reference temperature To, and c1
o and c2

o are

constants. A particular form of Equation (6.2) was also suggested by Ferry (1980),

which is applicable to a wide range of liquids above their glass transition. It is given by

log10 aT ¼ log10

�

�s
¼ �cs1 T�Tsð Þ
cs2 + T�Tsð Þ (6.3)

where aT is the shift factor, �s is the reference viscosity at a reference temperature Ts,
and c1

s and c2
s are “universal” constants that are equal to 8.86 and 101.6, respectively.

In the literature concerning bitumens, various researchers have used Equation (6.2)

in different ways. For instance, Sisko and Brunstrum (1968) proposed the values of c1
o

and c2
o to be 28.6 and 292 universally for more than 20 bitumens. They used a different

To for each bitumen. Dickinson and Witt (1969) suggested c1
o and c2

o to be 10.86 and

133.2. Jongepier and Kuilman (1969) chose To to be an equiviscous temperature, and

used different values of c1
o and c2

o for different bitumens. Heukelom (1973) used a con-

stant value of 8.5 for c1
o and a variable value of c2

o, which depended on the penetration
index. Schmidt and Santucci (1966) calculated optimum values of c1

o and c2
o, which

were the same for more than 50 kinds of bitumens but were different for data at dif-

ferent strain rates. Khong et al. (1978a,b) suggested various values of c1
o and c2

o that

were different for different bitumens and strain rates. Finally, Dobson (1969, 1972)

and Vinogradov et al. (1977) retained the use of Equation (6.3) for temperatures

higher than Ts, and yet proposed different values of c1
o and c2

o for lower temperatures.

The applicability of Equation (6.3) was also confirmed by a number of studies

(Brodnyan, 1958; Brodnyan et al., 1960; Wada and Hirose, 1960; Sakanone, 1963a,b;

Schmidt and Barrall, 1965), and the lower temperature limit was observed to be from
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Ts�20∘C to Ts�50∘C. It was also suggested in Wada and Hirose (1960), Sakanone

(1963a,b), and Schmidt and Barrall (1965) that Ts�Tg � 50�5∘C, where Tg is the glass
transition temperature.

The lack of consensus in the use of the WLF equation, and the wide range of

values of the “universal” constants adopted previously, indicate that the temperature

dependence of bitumens in the high-temperature region is not well understood.

In the present study, high-temperature deformation data for bitumens reported pre-

viously in the literature were reanalyzed. It was assumed that �s and Ts are material

parameters that characterize each particular bitumen. It was then found that Equa-

tion (6.3) can be used to describe almost all previously reported data, at temperatures

well above the glass transition, using the values of the “universal” constants c1
s and c2

s

proposed by Ferry (1980).

An example of this approach is shown in Figures 6.1 and 6.2. Figure 6.1 shows the

raw viscosity data from Saal (1950a,b) for four bitumens, and from Mehrotra and

Svrcek (1986, 1987) for two bitumens. Equation (6.3) was fitted to the data of each

of the bitumens so as to characterize each by a value of �s and a value of Ts. All of the
results were then plotted as log10aT against T�Tsð Þ, as shown in Figure 6.2. All data

points were brought onto a single line, reflecting the validity of Equation (6.3) with
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Figure 6.1 The dependence of viscosity on temperature, from Saal (1950a, 1950b) and

Mehrotra and Svrcek (1986, 1987).

From Cheung (1995).

Deformation mechanisms of bituminous materials 175



c1
s and c2

s. Similar results were obtained for experimental data from several other

sources; see Cheung (1995) for details.

Equation (6.3) implies that the magnitude of the free volume and its dependence on

temperature is the same for all bitumens, if compared at the same values T�Tsð Þ. It
also implies that the value of the free-volume expansion coefficient deduced from

Equation (6.3), which is calculated to be 4.8�10�4, is the same for all bitumens

(see Cheung, 1995 for details).

Directly measured values of the total volume expansion coefficient a for a number

of bitumens were reported by Saal (1950a,b). In all cases, a was found to be about

6�10�4, and was quite insensitive to the type of bitumen. These results agree well

with the observations of polymers in general that about two-thirds of the total thermal

expansion is due to increase in the free volume (Ferry, 1980).

6.2.2 Dependence on composition

Studying the dependence of free-volume model parameters on the chemical compo-

sition of pure bitumens requires the availability of mechanical and compositional test

data on the same bitumens. For this purpose, data from the U.S. Bureau of Public
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Figure 6.2 The general applicability of the “universal” WLF equation (Equation 6.3).

From Cheung (1995).
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Roads (BPR) study (1959–1966) (Welborn and Halstead, 1959; Welborn et al., 1960;

Rostler and White, 1962) were used. In the later stage of the study, 50 additional sam-

ples of viscosity-graded bitumens, collected by the coordinated effort of the Asphalt

Institute and the BPR from 16 different sources, were included. Data collected for this

group of bitumens included composition (Halstead et al., 1966), glass transition tem-

peratures (Schmidt and Santucci, 1966), and rheological information (Welborn et al.,

1966). This information constitutes one of the most comprehensive databases of the

relationships among the physical and chemical properties of bitumens. Another source

of data was Saal (1950a,b), who reported compositional data in addition to the viscos-

ity data for the 14 bitumens, which were modeled in the previous section.

The WLF equation (Equation 6.3) was fitted to the high-temperature viscosity data

from Welborn et al. (1966), and values of Ts and �s were obtained for each of the 50

bitumens, from 16 sources (A–P). The values of Ts are compared with those of the

directly measured Tg in Figure 6.3. For most of the bitumens, Ts�Tg is between

50 and 70 K, which stays roughly the same among bitumens from the same source

(the data for each source lie approximately on a line of slope l). For some of the

sources (e.g., sources F, I, and J), however, the changes in Ts are poorly reflected

by the changes in Tg (the data for these sources lie on a vertical line); that is, the

differences in rheological behavior are not accompanied by different Tg values.
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Figure 6.3 Comparison of the values of Ts deduced from the “universal” WLF equation and

the values of Tg directly measured by volume dilatometry for the bitumens, reported by

Welborn et al. (1966).
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Ts is well correlated with the asphaltene content Ac, as shown in Figure 6.4, and Ts
increases with Ac for bitumens from the same source. The poor correlation between Tg
and Ac (implied from combining Figures 6.3 and 6.4) suggests that the glass transition

phenomenon may depend on additional competing factors (other than Ac) that are

related to the chemical properties of the maltenes. These results are in line with other

previously reported conclusions (e.g., Schmidt and Santucci, 1966; Sisko and

Brunstrum, 1968) that the high-temperature flow behavior is poorly correlated with

the glass transition temperature. The present results indicate that Ts is a better

parameter for characterizing the flow behavior at high temperatures. The failure of

the WLF equation in the vicinity of the glass transition will be discussed later.

Although the value of Ac alone cannot determine the magnitude of Ts for each indi-
vidual bitumen, the change in Ac does characterize the change in Ts among most bitu-

mens from the same source. Moreover, the slopes of the changes are remarkably

similar for most of the bitumen sources, and also agree with the Tg versus Ac relation-

ship obtained by Schmidt and Barrall (1965). For those bitumens reported byWelborn

et al. (1966), the only exceptions are the bitumens from sources E and K, for which the

increase in Ts is not due to an increase in Ac, but to a decrease in the paraffin content.

By plotting Ts against the asphaltene-to-paraffin ratio, the characteristics of bitumens

from these two sources are brought into a form very similar to those from other sources
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Figure 6.4 The effects of the asphaltene content on the values of Ts for the bitumens, reported

by Welborn et al. (1966).

178 Advances in Asphalt Materials



(Cheung, 1995). It can therefore be argued that although the use of Ac in most cases is

sufficient to reflect the changes in rheological behavior, the more fundamental con-

trolling parameter is really the relative quantity of asphaltenes in relation to some par-

ticular fractions of the maltenes.

Figure 6.5 shows that �s also increases with increasing Ac for most of the bitumen

sources. Combining the results shown in Figures 6.4 and 6.5, it can be concluded that

for bitumens having maltenes of similar chemical nature, the high-temperature flow

behavior (Ts and �s) is largely determined by the amount of asphaltenes. However, for

bitumens from different sources having the same asphaltene content but different vis-

cosities, the differences in the high-temperature flow behavior can only be explained

in terms of the chemical nature of the maltenes. Nevertheless, the effects of the chem-

ical nature of maltenes upon viscosities are still poorly quantified and understood.

Another source of combined mechanical and compositional data is from Saal

(1950a,b) for 14 bitumens, which were modeled in the previous section.

The effects of Ac on Ts and �s are shown in Figure 6.6. The slope of the Ts versus
Ac relationship is very similar to that of Figure 6.4. The exception was the California

bitumens, for which the Ts versus Ac graph had a smaller gradient than those of the

other bitumens (see Cheung, 1995). The reason may lie in the fact that the California
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bitumens were obtained by cracking rather the usual process of blowing. In this way, it

may be speculated that the process of cracking may generate significant changes in the

chemical nature of the maltenes, while the process of blowing primarily increases the

asphaltene content. Such a speculation is in line with the results of the peptization

study by Heithaus (1962), suggesting that the processes of oxidation and vacuum

reduction are different from the process of cracking in terms of their effects on the

bitumens. While oxidation and vacuum reduction produced only minor changes in

the peptizability of the asphaltenes but might cause large changes in the peptizing

power of the maltenes, cracking imposed major changes in the characteristics of both

asphaltenes and maltenes.

6.2.3 Effects of aging

Experimental data for the 50 aged bitumens from the BPR study (Welborn et al., 1966)

(aged by thin-film oven treatment) were also analyzed using the WLF equation. For the

high-temperature viscosity data, the WLF equation was again fitted to obtain values of

Ts and �s. Results are shown in Figure 6.7, in which the values of Ts and �s are compared

for the unaged and aged bitumens. For most of the bitumens, the effect of aging is

reflected mainly by a change in Ts, although bitumens from sources J and N display

a more noticeable increase in �s. While the change in Ts is associated with the change
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180 Advances in Asphalt Materials



in free volume as a function of temperature, the change in �s is related to the change in the
value of the intrinsic viscosity at any particular value of free volume. Nevertheless,

because of the mathematical form of the WLF equation, the viscosity is much more sen-

sitive to changes inTs than changes in �s for all of the bitumens.As a result, Ts can be used
as a general material parameter to quantify the effects of aging on high-temperature

viscosities.

Another interesting result from the analysis is that the effects of aging, as revealed

by changes in Ts and �s, are similar for bitumens from the same source, which is par-

ticularly demonstrated in Figure 6.7 by data from sources A, J, and N. Yet no corre-

lation between the aging effects and the asphaltene content can be established. These

observations are in line with the general view of aging—that it is the overall chemistry

of the bitumen, rather than the quantity of asphaltenes alone, that determines the extent

of aging (Petersen, 1984).

6.2.4 The dependence on pressure

The dependence of viscoelastic behavior on pressure can also be understood in terms

of the fractional free volume on which molecular mobility depends (Ferry, 1980). The

free volume decreases with increasing pressure, just as it does with decreasing
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temperature. By considering different forms of dependence of the free-volume

compressibility bf on pressure, models describing the dependence of the viscosity

on pressure can be established (Ferry, 1980).

Cheung (1995) modeled the pressure-dependent viscosity data reported by Saal

(1950a,b), Mehrotra and Svrcek (1986, 1987), and Puttagunta et al. (1993) using

two forms of dependence of bf on pressure. Values of bf deduced from the models

agreed well with the total volume compressibility b measured directly for some of

the bitumens. Moreover, the compressibility of the total volume and the compressibil-

ity of the free volume were found to be dependent on both temperature and pressure.

The dependence on pressure varies for different kinds of bitumens. The success of

interpreting the pressure-dependent viscosity data in terms of the free-volume model

strongly indicates that the dominant deformation mechanism for pure bitumens at

temperatures well above their glass transition is controlled by the free volume present

in the material.

6.3 Ambient temperature deformation

6.3.1 The power-law model

6.3.1.1 Stress dependence

Although linear behavior is observed in the dynamic properties of pure bitumens for

relatively small strains, nonlinear behavior has long been recognized in quasistatic

tests of the material at larger strains. Many early researchers like Saal (1950a,b),

Lethersich (1942), and Brown and Sparks (1958) observed linear behavior for

stress levels at or below 2 kPa, which they modeled successfully by the theories of

linear viscoelasticity. However, some of these researchers stated that nonlinearities

would become more significant at higher stress levels (e.g., Lethersich,, 1942). This

was later confirmed by numerous experimental studies (Gaskins et al., 1960; Sisko,

1965; Welborn et al., 1966; Moavenzadeh and Stander, 1967; Khong et al.,

1978a,b) at stress levels of 100 kPa to 1 MPa, where bitumen was found to behave

nonlinearly.

Tensile tests were conducted on two nominal 50 pen bitumens (denoted B1 and B2)

at ambient temperatures from�10 to 30 °C. Typical results for bitumen B1 are shown

in Figure 6.8, which shows the steady-state strain rate plotted against the steady-state

stress. Details of these tests can be found in Cheung (1995). From this figure, it can

be seen that within the range of testing conditions, at any particular temperature, the

bitumen behaves nonlinearly. The steady-state response can be represented by the

power-law equation

_e
_ep
¼ s

sop

� �np

(6.4)

where np is the creep exponent, and _ep is the strain rate at a reference stress sop. The
value of the creep exponent np shown in the fitted curves is 2.3. Although this value is
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small compared with the usual range of 3–10 in crystalline materials (Frost and Ashby,

1982), it is sufficiently large to render the nonlinear behavior important at these stress

levels.

Ambient temperature test data for the 16 sources of bitumen from the BPR study

were reported by Welborn et al. (1966). All of these tests were conducted within a

relatively narrow range of applied strain rates (0.001–0.1 /s). Equation (6.4) was fitted

to the data at each temperature, and values of np were obtained for each temperature

for all of the bitumens. Results of the np values plotted against the temperature T�Ts
are shown in Figure 6.9. It can clearly be seen that within the range of applied strain

rates, linear behavior (np¼ l) is observed above a certain temperature. Below this

temperature, nonlinear behavior becomes more significant.

Use of a power-law relationship, similar to Equation (6.4), was also discussed by

Lee and Warren (1940), Moavenzadeh and Stander (1967), Schweyer et al. (1977),

Ruth and Schweyer (1981), and Sybilski (1993). Observed values of the creep expo-

nent np usually ranged from l to 2, although higher values were occasionally reported.

6.3.1.2 Temperature dependence

The time-temperature equivalence in crystalline solids for the rate of diffusion, for

creep, and for other thermally activated processes can be understood by the transition

state theory, which follows from the kinetic theory of simple thermally activated
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Figure 6.8 Steady-state creep behavior for bitumen B1, reported by Cheung (1995).
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processes (Ward, 1983; Gilbert et al., 1986). The frequency of diffusive molecular

jumps w1 at one temperature T1 is related to frequency w2 at another temperature

T2 by

log10

w1

w2

� �
¼ log10 aT ¼ Q

2:303R

1

T2
� 1

T1

� �
(6.5)

where Q is the activation energy for diffusion (Ward, 1983; Gilbert et al., 1986) and R
is the universal gas constant.

Equation (6.5) is usually known as the Arrhenius equation, because it was first

shown by Arrhenius that it describes the influence of temperature on the rate of chem-

ical reactions (Ward, 1983).

If the dependence of the creep constant loge _ep=s
np
op

� �
in Equation (6.4), obtained

from the data in Figure 6.8, is plotted against the reciprocal of the absolute temper-

ature, a linear relationship is obtained, as shown in Figure 6.10. This indicates that

the temperature dependence of the ambient temperature deformation behavior is

described well by the Arrhenius equation (rather than the WLF equation). Including

this temperature dependence in Equation (6.4) gives
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_e
_eop

¼ s
sop

� �np

exp
�Qp

RT

� �
(6.6)

where _eop is a reference strain rate and Qp is the thermal activation energy.

Equation (6.6) is referred to as the power-law model (PLM). It is included in

Figure 6.8 with np¼2.3 and a single value of Qp¼229 kJ/mol, which is comparable

to that of diffusional flow.

Another example of using the Arrhenius equation for ambient temperature defor-

mation was reported by Anderson and coworkers (Anderson, et al., 1991; Christensen

and Anderson, 1992; Anon, 1994). They suggested that Qp¼261 kJ/mol for all

bitumens involved in their experiments.

The change in the temperature dependence of the deformation properties from

the WLF equation (Equation 6.3) at high temperature to the Arrhenius equation

(Equation 6.5) at ambient temperature is best demonstrated by data generated from

the van der Poel nomograph (van der Poel, 1954). The shift factor aT is plotted against
temperature for a nominal 50 pen bitumen in Figure 6.11. The fitted WLF equation

and Arrhenius equation are also shown in the figure, indicating their applicability over

different temperature ranges.
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This change of deformation mechanism explains the reported failure of the

“universal” WLF equation (Equation 6.3) in the vicinity of the glass transition in other

studies (Brodnyan et al., 1960; Sakanone, 1963a,b; Dobson, 1969; Jongepier and

Kuilman, 1969). Due to the nature of Equation (6.2), the wide ranges of log aT and tem-

perature involved, and the existence of experimental uncertainties, a reasonable fit to

most experimental data can be attained by choosing a set of c1
o and c2

o suitably, or by

retaining c1
s and c2

s for higher temperatures and using another set of c1
o and c2

o for lower

temperatures. This explains why there are so many WLF models for bitumens reported

in the literature, all of which fit their experimental data acceptably well (Cheung, 1995).

A very similar breakdown of the free-volume model for a number of glass-forming

liquids at temperatures in the vicinity of the glass transition was reported by Uhlmann

and coworkers (Laughlin and Uhlmann, 1972; Cukierman et al., 1973).

6.3.1.3 Dependence on composition

Equation (6.6) was fitted to the ambient temperature test data for the 16 sources of

bitumen from the BPR study reported by Welborn et al. (1966). An average value

of the creep exponent np was obtained within the experimental ranges of temperatures

and strain rates for each bitumen. The results are plotted against asphaltene content in

Figure 6.12. For bitumens from the same source, the creep exponent generally

0
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Figure 6.11 Modeling the (log aT vs. T) master curve from the van der Poel nomograph by the

“universal” WLF equation (Equation 6.3) and the Arrhenius equation (Equation 6.5).

From Cheung (1995).
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increases with increasing asphaltene content. Nevertheless, the asphaltene content

alone does not uniquely determine the creep exponent, and the chemical nature of

the maltenes also affects the extent of nonlinear behavior within certain ranges of tem-

peratures and strain rates.

Values of Qp were also obtained for each bitumen, and these ranged from 160 to

250 kJ/mol (Cheung, 1995). However, due to the small ranges of temperatures asso-

ciated with the data (4–25 °C), these values were not reliable, and they did not cor-

relate well with the asphaltene content (see Cheung, 1995).

In general, the PLM satisfactorily describes the behavior of bitumens over limited

ranges of temperatures and stresses, but does not describe well the deformation behav-

ior in the presence of more significant changes in the creep exponent and the temper-

ature dependence.

6.3.2 The modified cross model

6.3.2.1 Overall ambient temperature deformation behavior

The tensile test results on bitumen B2 from Cheung (1995) are shown in Figure 6.13.

Although the temperature range of the tests was the same as for the bitumen B1, the

stress range extended further into the low stress region. It can be seen that although the
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Figure 6.12 The effects of the asphaltene content on the values of the creep exponent

for the bitumens, reported by Welborn et al. (1966).
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behavior follows a power law in the higher half of the stress range, it changes grad-

ually to linear behavior (slope of 1) toward the lower half of the stress range. More-

over, the transition appears to take place at the same value of stress throughout the

entire temperature range of interests. One of the interesting consequences of such

behavior is that for any narrow range of stress, the stress/strain-rate relationship

can always be fitted by a power law, the creep exponent of which can vary from unity

at low stress to the maximum value at the highest stress levels before fracture inter-

venes. It is only by examining the behavior over a wide range of stress that the tran-

sition behavior can be seen.

Cheung (1995) proposed the use of the modified cross model (MCM) to summarize

the deformation behavior of pure bitumens at temperatures immediately above the

glass transition. The model originated from the pseudoplastic flow equation devel-

oped by Cross (1965) from considerations of the formation and rupture of structural

linkages. The equation was modified by Cheung (1995) to include the temperature

dependence of bitumens. The MCM summarizes the change from linear to power-

law behavior with stress, and the change from free-volume dependent deformation

(described by the WLF equation) to “diffusional” deformation (described by the

Arrhenius equation) with temperature. The model is given by

�¼ �oT

1 +
�oT _e
soc

� �nc (6.7)
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Figure 6.13 Steady-state creep behavior of bitumen B1, reported by Cheung (1995).
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where

�oT ¼ �ocexp
Qc

RT

� �
, T> Tg (6.8)

and

�oT ¼ �sexp �2:303cs1 T�Tsð Þ
cs2 + T�Tsð Þ

� �
, T� Tg (6.9)

In these equations,

soc is the failure strength of structural linkages

nc is a constant
�oc is the preexponential for viscosity
Qc is the thermal activation energy

The transition temperature distinguishing the two types of behavior can be obtained by

solving Equations (6.8) and (6.9) simultaneously.

Cheung (1995) proposed that the change to nonlinear deformation behavior at high

stresses is due to the rupture of the molecular network formed by the association of

asphaltenes. A single value of soc reflects the level of stress at which this change occurs
for all temperatures. The change to Arrhenius behavior at temperatures immediately

above the glass transition depends on factors related to the change of molecular struc-

tures with decreasing temperatures. The exact mechanisms are not yet understood.

The MCM is fitted to the two bitumens reported by Cheung (1995) in Figure 6.14,

with one set of the parameters nc, �c, andQc chosen for each bitumen. Equation (6.7) is

found to be in good agreement with the data for both bitumens, though the fitting to the

data of bitumen B1 involves some extrapolation at low stress levels. The value of soc
for bitumen B2 is 115 kPa, while the estimated value for bitumen B1 is 68.6 kPa. It can

be seen that the differences between the two nominally identical bitumens are well

represented by the MCM (Cheung, 1995).

6.3.2.2 Dependence on composition

The MCM provides a consistent framework to characterize deformation behavior of

pure bitumens in the linear (Newtonian) regime (at stress levels considerably lower

than soc), the transition regime (at stress levels in the vicinity of soc), and the

power-law regime (at stress levels considerably higher than soc) through the use of

the three material parameters �oc, soc, and nc. Individual parameters can be established

precisely if data for the corresponding regimes are available. Otherwise, extrapolated

estimates for each regime can serve as useful bounds for comparison purposes.

Conversely, the temperature dependence can always be deduced from the data using

the MCM, without being constrained by the stress levels in the data. The MCM is

especially useful when investigating the temperature dependence of the zero-strain-

rate viscosity at low temperatures, the extrapolation of which was achieved rather

arbitrarily in the past.
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The most comprehensive sources of viscosity data for a wide range of stresses

and temperatures are from Sisko (1965) (3 bitumens) and Khong et al. (1978a,b)

(8 bitumens). The MCM was applied to the data for all of these bitumens, and good

agreements were achieved (see Cheung, 1995). An example of the model fitting to

data for “bitumen C,” reported by Sisko (1965), is given in Figure 6.15. The data sup-

port the assumption of the MCM that the stress level at which significant nonlinear

deformation behavior occurs is constant for all temperatures (soc � 1:5 kPa in

this case).

The MCM was also applied to the 50 bitumens reported by Welborn et al. (1966).

An example is given for the bitumen “E-5” in Figure 6.16. The majority of data for the

50 bitumens was in the linear and transition regimes, due to the more limited ranges of

stresses and temperatures involved. As a result, the values of soc and nc obtained for

these data were only extrapolated estimates. By combining the fitted parameters for

the 50 bitumens from Welborn et al. (1966) with those from Sisko (1965) and Khong

et al. (1978a, 1978b), it was found that values of soc usually lie between 0.1 and

0.5 MPa, while values of nc usually result in creep exponents between 2 and 2.5 in

the power-law regime. This explains why previous viscoelastic models for data at

stress levels less than about 0.1 MPa have always been linear.
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6.3.2.3 Effects of aging

The aged data at 15.6 °C reported by Welborn et al. (1966) were also analyzed using

the MCM. By assuming that the value of nc is not affected by aging, values of �oT and
soc after aging can be obtained. An example of modeling the aged data is included in

Figure 6.16 for the bitumen “E-5.” Although not all of the values of soc deduced from
the data of the 50 BPR bitumens are reliable estimates, there are sufficient consistent

results to suggest that the value of soc decreases as a result of aging. This is consistent
with the observation previously discussed that the creep exponent increases upon

aging for the same range of strain rates. The evidence is further enhanced by the fact

that for “bitumen C” reported by Sisko (1965) (which was subjected to extra oxidation

after reduction), soc is particularly small (1.5 kPa; see Figure 6.15) compared with the

usual range of the other bitumens. On the other hand, the value of �oT always increases
upon aging, but no data are available that enable the change of nc as a result of aging to
be studied.

Physically, the MCM suggests that the process of aging increases the proportion of

molecules that are capable of forming linkages so that the limiting viscosity is

increased as a result of the additional stiffening. However, the overall linkage struc-

ture thereby produced is more susceptible to strained ruptures than is the unaged one.

In the extreme case when a small increase in �oT is accompanied by a large decrease

in soc, the aging process has a stiffening effect at small strain rates and a softening

effect at higher strain rates.

6.4 Low-temperature deformation

6.4.1 Previous research at low temperatures

The majority of previous research on bitumens has been concerned with the viscoelastic

and viscous flow regimes above Tg. The difficulties of experimenting with glassy bitu-

men at low temperatures have left its plastic behavior poorly understood. In most of the

previous investigations that involved subzero testing temperatures, the low-temperature

rheology of bitumens was usually studied by dynamic shear tests (Brodnyan, 1958;

Brodnyan et al., 1960; Sisko and Brunstrum, 1968; Dobson, 1969; Jongepier and

Kuilman, 1969; Christensen and Anderson, 1992), and data were always combined with

those at higher temperatures into a master curve for the modulus.

Only a few constant stress creep tests on bitumens at subzero temperatures have

been reported. Khong et al. (1979) studied the creep behavior of eight kinds of bitu-

mens by sliding plate shear viscometry for temperatures down to �20 °C and time

durations up to 2400 s. Only one stress level was employed, and the glass transition

temperatures of all eight bitumens (obtained elsewhere: Khong et al., 1978a,b)

appeared to be considerably lower than �20 °C. Majidzadeh and Schweyer (1967)

conducted creep tests in compression on cylindrical specimens of four kinds of

bitumens at two or three stress levels and at temperatures down to �9 °C. No glass

transition data was given, and the time durations for the tests were 600 s. In the SHRP
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project (Anon, 1994), creep tests in bending were conducted at temperatures ranging

from �35 to �15 °C. The durations of these tests were as short as 240 s, and the

dependence on stress was assumed to be linear.

Cheung (1995) conducted creep tests in tension and in compression at temperatures

from �35 to �20 °C on a 50 pen bitumen. The durations of the tests were up to about

20,000 s. Typical results of the tensile creep tests are shown in Figure 6.17. The strain

rates at t¼2000 s deduced from individual creep curves are plotted against the applied

stress in Figure 6.18.

6.4.2 The Eyring plasticity model

Based on the experimental data and the similarities of pure bitumens to other polymers,

Cheung (1995) proposed the use of Eyring’s viscosity equation (described in Ward,

1983) together with Bailey’s time-hardening equation (described in Penny and

Marriott, 1971) to describe the behavior of pure bitumens in the vicinity of and below

the glass transition temperature. The proposedEyring plasticitymodel (EPM) is given by

_e
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Figure 6.17 Constant stress creep tests in tension at �20 °C for bitumen B2, reported by

Cheung (1995).
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where

_e is the strain rate

t is the shear stress
P is the pressure

_ee is a preexponential constant
Qe is the activation energy for the flow process

vs is the shear activation volume

vp is the pressure activation volume

to is a reference time

me is the time-hardening constant

The EPM is fitted to the experimental data and is included in Figure 6.18.

It is interesting to see that the value of Qe obtained in this case is 99 kJ/mol, which

is considerably smaller than the value of Qp (or Qc) obtained at temperatures higher

than the glass transition temperature. To explain this change in activation energy

would require a deeper knowledge of the microstructure of bitumens than presently

available. Nevertheless, there has to be a difference in the microstructure above

and below the glass transition. While the value of Qe represents the energy barrier

imposed by the glassy structure, the value of Qp (or Qc) represents some intermediate

structure that is not fully characterizable by the amount of free volume.

It can be seen from Equation (6.10) that @t=@Pð Þ _e,T ¼ vp=vs. The value of vp/
vs¼0.5, obtained for bitumen B2, is large when compared with a value of less than
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0.2 for the polymer polymethylmethacrylate (Ward, 1971). This suggests a particular

sensitivity to pressure of the plastic behavior of glassy bitumens. According to Lian

et al. (1994), such magnitudes of the activation volume are a result of the monomeric

sheets or the micelle systems formed by association of unit cells. The Eyring theory of

viscous flow therefore suggests that the flow process involves the movement of a rel-

atively small number of unit sheets associated together. Although the existence of

much larger supermicelles or giant supermicelles has been observed, usually at room

temperature, it is the movement of the fundamental unit cell or small number of unit

cells that appears to control the flow behavior of glassy bitumens at low temperatures.

More experimental studies of different bitumens at low temperatures are required

to validate the general application of the EPM. In view of the brittleness of glassy bitu-

mens, such studies should involve creep tests in tension, compression, and possibly

under triaxial stress states as well.

6.5 Deformation-mechanism maps

Experimental findings for the deformation of pure bitumens have been accumulating for

many years. The recognition of bitumen as a polymeric system has also been well estab-

lished. As a result, it will be attempted in this section to summarize most of the under-

standing of the mechanical behavior of pure bitumens in relation to their microscopic

structures in the form of deformation-mechanismmaps (Frost and Ashby, 1982; Gilbert

et al., 1986; Bin Ahmad and Ashby, 1988). It is intended, by the use of deformation-

mechanism maps, not only to arrange the existing knowledge into a more global per-

spective, but also to shed new light on the particular behavior of bitumens by comparing

these maps with those for other crystalline and amorphous materials. As has been dis-

cussed in earlier sections, the correlation of the mechanical behavior to the microstruc-

ture of bitumens is still in its infancy. Therefore, these maps only represent initial

attempts to propose a framework by which bitumens can be better understood.

6.5.1 Construction of the deformation-mechanism map

The deformation-mechanism maps for a 50 pen bitumen (B2) were constructed using

the experimental results from Cheung (1995) described previously in this chapter. The

maps followed similar concepts to the construction of failure-mechanism diagrams for

engineering polymers (Bin Ahmad and Ashby, 1988), except that fracture was

assumed to be suppressed so that only steady-state deformation was considered.

The material parameters for bitumen B2 are summarized in Table 6.1.

One form of the map with axes of strain rate and normalized stress (s/Eo) is shown in

Figure 6.19, and the contours are those of temperature. Eo is the modulus at 0 K, and is

taken to be l GPa (estimated from initial modulus measurements at low temperatures).

Also shown in Figure 6.19 are the measured isothermal data from which parameter

values were obtained.

Another more conventional form of the map is shown in Figure 6.20, with axes of

normalized stress s/Eo and normalized temperature T/Tg, where Tg is the glass tran-
sition temperature, measured to be 248 K (Cheung, 1995). Contours of constant strain
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rate _e are superimposed on the map. Because the first kind of map (Figure 6.19) does

not extend to 0 K, it contains less information than the second kind of map

(Figure 6.20) (Frost and Ashby, 1982).

The maps are divided into fields, within which a single deformation mechanism is

dominant. The field boundaries are shown in heavy lines that are the loci of points at

which two mechanisms have equal rates of deformation. The boundary between the

elastic region and the Eyring plasticity regime in Figure 6.20 is chosen to be the con-

tour at a strain rate of 10�12/s, because in general it is difficult to make measurements

at strain rates lower than this (Bin Ahmad and Ashby, 1988).

Two other forms of the map were constructed, shown in Figures 6.21 and 6.22, in

which the viscosity is employed as one of the axes. In view of the concept of viscosity

being frequently used in the study of bitumen rheology, such maps would have par-

ticular relevance in expressing the current understanding of the overall behavior of

pure bitumens.

Table 6.1 Summary of the material parameters for bitumen B2

General material parameters

Eo ¼ 1�109 Pa

Tg ¼ 248K

R¼ 8:314 Jmol�1 K�1

EPM parameters

_ee ¼ 1:68�1017 s�1

Qe ¼ 99�103 Jmol�1

vs ¼ 3:45�10�27m3

vp ¼ 1:73�10�27m3

to ¼ 1s

me ¼�2=3

MCM parameters

soc ¼ 115�103 Pa

nc ¼ 0:585
�oc ¼ 5:66�10�34 Pa s

Qc ¼ 228�103 Jmol�1

cs1 ¼ 8:86
cs2 ¼ 101:6
Ts ¼ 35:2 ∘C

�s ¼ 214�103 Pa s

PLM parameters

_eop ¼ 3:73�1040 s�1

sop ¼ 1�106 Pa

np ¼ 2:4
Qp ¼ 228�103 Jmol�1

From Cheung (1995).
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6.5.2 Features of the deformation-mechanism map

As can be seen in Figure 6.20, six regimes have been identified. At temperatures well

below Tg, pure bitumen responds in a linear-elastic manner. Plastic behavior starts at

roughly 0.8Tg, which gives rise to linear behavior at low stresses. At temperatures

beyond the glass transition, the complex colloidal nature of pure bitumen becomes

important in affecting the viscous flow.At high stresses, it creeps in a power-lawmanner,

whereas at low stresses, it is a Newtonian liquid. On the other hand, deformation is likely

to be diffusion-controlled at temperatures in the vicinity of the glass transition, while at

higher temperatures, it is controlled by the fractional free volume present in the molec-

ular structure of the viscous liquid. No significant chemical changes occur up to 1.6Tg.
When compared in this normalized form, the deformation-mechanismmap for pure

bitumen B2 is very similar to those for typical linear polymers (e.g., polymethyl-

methacrylate and polycarbonate) (Bin Ahmad and Ashby, 1988). The main differ-

ences are due to the ability of pure bitumen to develop a structural linkage, leading

to a nonlinear flow region as well as the partial crystallization of fractions, which then

leads to a diffusion-controlled region just beyond the glass transition.

Given specifications of the operating conditions under which a bitumen is to operate,

the appropriate constitutive equation can easily be obtained from these deformation-

mechanism maps. It is expected that similar deformation-mechanism maps would

be obtained for other bitumens, with the main differences being due to variations in

the 10 material parameters for the EPM and MCM listed in Table 6.1.

6.6 Conclusions

(i) Pure bitumens are complex polymeric materials, the molecular structure of which can be

understood in terms of the colloidal model. The quantity of asphaltenes and the chemical

nature of the maltenes are the two principal compositional aspects that influence the

mechanical behavior of the bitumens.

(ii) The mechanical behavior of pure bitumens has been clarified and presented in the form of

deformation-mechanism maps. Six regimes of deformation have been identified, all

of which are described by physical models that are based on the current understanding

of the molecular structure of pure bitumens. The behavior of the many varieties of pure

bitumens encountered in practice are expected to be described by the same set of defor-

mation mechanisms, with different values for the material parameters.

(iii) At temperatures above the glass transition, the deformation behavior of the test bitumens is

linear viscous at low stress levels and power-law creep at high stress levels. The transition

stress from linear to power-law behavior is a measure of the failure strength of the structural

linkages in a bitumen. At temperatures in the vicinity of the glass transition, the temperature

dependence of the deformation is described by the diffusion model. At temperatures well

above the glass transition, it is described by the free-volumemodel. The steady-state behav-

ior of bitumens above the glass transition is summarized by the MCM.

(iv) The MCMwas found to apply accurately for 61 bitumens from a wide range of sources in

the literature. The transition stress ranges from 0.1 to 0.5 MPa, and the creep exponent

in the power-law regime ranges from 2 to 2.5. Over limited ranges of temperature and

stress, the MCM is approximated satisfactorily by the PLM.
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(v) The asphaltene content, together with the chemical nature of the maltenes, has primary

influence in determining the material parameters in the physical models of deformation.

For those parameters that do not correlate with the asphaltene content, some other physical

quantities that are representative of the microscopic structure of the material (for that par-

ticular deformation mechanism) are yet to be found.

(vi) The effects of aging upon the mechanical behavior of bitumens can be represented quan-

titatively in terms of theMCM. Aging increases the value of the limiting viscosity at small

strain rate, and reduces the failure strength of the structural linkages, leading to an increase

in the stress nonlinearities.

(vii) At temperatures below the glass transition, the steady-state and transient behavior of

bitumen B2 are described by the EPM. The deformation behavior is pressure depen-

dent in this regime, and the activation energy for the deformation is smaller than that

for the deformation above the glass transition. However, more data for other bitumens

below their glass transition is required for confirming the general applicability of

the EPM.
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7.1 Introduction

This chapter presents the authors’ ideas culminating from several decades of com-

bined effort in the investigation of microdamage healing in asphaltic materials.

The focus of this chapter is on the mechanisms responsible for healing in asphalt mate-

rials and, because the process of healing must focus on the component that provides

the ability to heal, the major focus is placed on the binder and mastic. This chapter

focuses on recent methods of characterizing the healing process in asphalt binders,

mastics, and full mixtures. The chapter also addresses the importance of considering

the impact of healing during cyclic loading with short rest periods as well as longer

rest periods.

This chapter is presented in six sections. Following this introduction, Section 7.2

provides a succinct overview of the evidence of healing in asphaltic materials, includ-

ing experiments, laboratory work, and field studies. Section 7.3 describes the authors’

views regarding the mechanisms of microcrack healing and the influence of molecular

morphology, with some validation from molecular dynamics computational model-

ing. Section 7.4 presents the authors’ most recent work in measuring the intrinsic heal-

ing properties of asphalt binders, their relationship to fundamental surface properties

of the binder (i.e., surface free energy), and the correlation between intrinsic healing

and this fundamental property. Section 7.5 continues the description of methods to

measure healing properties, this time for mastics and fine aggregate mixtures, using

a continuum damage approach. Section 7.6 addresses important aspects regarding the

impact of viscoelasticity in the healing process during cyclic loading and of the ther-

modynamics associated with the damage and microdamage healing processes, which

must be understood in order to appreciate and grasp the mechanism and processes

associated with healing. Section 7.6 also demonstrates how a healing evolution func-

tion in a continuum damage constitutive model of pavement behavior is necessary to

predict damage.
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7.2 Evidence of healing in asphalt materials
and in asphalt pavements

7.2.1 Laboratory studies

Experimental evidence of healing in asphalt mixtures dates back as far as 1967, when

Bazin and Saunier developed automated test equipment to measure dynamic modulus

and fatigue cracking. In their experiments, they also recognized that in addition

to fatigue, healing was taking place, and that rest periods were prolonging life. Prac-

titioners have understood the implications of healing as part of the fatigue damage

process for decades, as evidenced by the inclusion of a healing shift factor along with

the traffic wander factor in fatigue damage calculations in the Shell Pavement Design

Manual (1978). Lytton et al. (1993) proposed a healing shift factor used to increase the

dissipated energy of a load cycle after rest periods.

Little et al. (1987) found that healing was directly proportional to the number of

longer-chained aliphatic molecules in saturates, and aliphatic side chains in the

napthene aromatics and asphaltene generic fractions. They attempted to relate this

morphology to molecular mobility and binder flow properties across fracture faces.

Their findings seemed to be in keeping with Petersen’s (1984) view, or peptization

on the flow properties of asphalt.

Prapnnachari (1992) found evidence that the healing index—defined as the differ-

ence in pseudo dissipated energy before and after a rest period compared to that before

the rest period—and relaxation spectra were related. Little and Prapnnachari (1991)

discovered that the same methylene-to-methyl ratio (ratio of the number of methylene

to methyl carbon atoms in independent aliphatic molecules or aliphatic chains

attached to cycloalkanes or aromatic centers) that was determined by Kim et al.

(1990) to be a significant indicator of healing index, was also indicative of the relax-

ation properties of the asphalt binders they evaluated. This is discussed further in

Section 7.3.2. Prapnnachari used the Fourier transform infrared (FTIR) spectrometer

to evaluate the response of different asphalt cement binders under tensile loading, and

found aliphatic appendages or “side chains” to significantly influence the relaxation

properties of the binders tested (Little et al., 1987).

Kim et al. (1990) used the elastic-viscoelastic correspondence principle to evaluate

the hysteretic behavior of asphalt concrete. This principle states that one can reduce a

viscoelastic (time-dependent) problem to an elastic (time-independent) problem

merely by working in an approximately transformed domain and substituting elastic

moduli. Using this approach, Kim et al. (1990) were able to evaluate fracture healing

by increasing the amplitude of load until a significant level of damage was evident, as

defined by the stress versus pseudostrain plots. Following rest periods, a significant

change in the dissipated pseudostrain energy was noted as a result of “healing.”

The essence of the Kim et al. (1990) constitutive model is that it demonstrates that

it is imperative to account for the effects of microdamage healing in order to predict

fatigue damage. In addition, this constitutive model for fatigue damage illustrated an

important response when the pseudostiffness versus load-cycles curve was inspected.

Immediately following the rest period, a strong spike in pseudostiffness was observed.
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The strong pseudostiffness recovery diminished rapidly over the next few loading

cycles. The cumulative, residual effect of pseudostiffness recovery, however, added

significantly to the life of the test specimen over the time duration of the experiment.

This residual recovery, “healing,” was stronger if rest periods were applied before sig-

nificant damage occurred, that is, early in the experiment. A final outcomewas that the

binder that exhibited the most significant healing in the Kim et al. (1990) study was

consistent with the predictions from the Prapnnachari (1992) study with respect to

binder characteristics.

The effect of healing during rest periods is also evident in the permanent deforma-

tion characteristics of asphalt mixtures. For example, Bhairampally et al. (2000) dem-

onstrated that the inclusion of rest periods among compressive load cycles extended

the time to tertiary damage, and that this extension depended on the type of asphalt

binder. Their work concluded that the transition from the secondary phase to the ter-

tiary phase of dynamic compressive creep was related to development and growth of

microcracks. Further work by Song et al. (2005) showed this to be true using

computer-assisted tomography. Bhairampally et al. (2000) demonstrated that the addi-

tion of a filler (in this case, hydrated lime) resulted in reduced rates of damage in the

compressive mode of loading because of crack pinning (a damage-control mecha-

nism), and accentuated the effect of healing of microcracks in the mastic. This is

in keeping with previous research that demonstrates healing to be more beneficial

at lower damage levels.

Little et al. (1987) demonstrated that rest periods (of 24-h duration) applied in tra-

ditional flexural beam-bending experiments increased the fatigue life by more than

100%, depending on the type of binder used.

7.2.2 Field studies

Some of the most convincing field data regarding healing were reported by Williams

et al. (1998). They selected four pavement sections at the Turner Fairbanks acceler-

ated load facility (ALF), considering a full factorial of two thicknesses: two asphalt

layer types over a homogeneous subgrade. Surface wave measurements were made to

assess pavement stiffnesses before, immediately after, and 24 h after loading passes.

Regardless of the pavement type, the trend was that more healing (recovery of stiff-

ness) was recorded closer to the centerline, suggesting that more fatigue damage

results in a greater potential for and a greater amount of microdamage healing.

Williams et al. (1998) reported other convincing support for healing using surface

wave analysis of pavements at Mn/ROAD pavement sections and on US Highway

70 in North Carolina using designed experiments.

Nishizawa et al. (1997), using four thick asphalt pavements, demonstrated that

fatigue cracking did not occur because healing effects at the low-strain and low-

damage levels compensated for (offset) crack growth.

The literature holds other very important contributions on the subject of healing

during the fatigue damage process in asphalt pavements. This chapter does not attempt

to provide an exhaustive review of the literature on this subject, but rather cites work

related to the concepts developed in Sections 7.3 through 7.6. For an excellent and
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thorough review of the literature, the reader is referred to the work of Qiu (2011). His

PhD dissertation provides perhaps the most exhaustive and thorough review of the

pertinent literature on this subject.

7.3 Hypothesized mechanism(s) of healing
in asphalt materials

This section presents a hypothesized mechanism of healing at a micrometer length

scale. The proposed mechanism is supported by mechanics-based and/or phenomeno-

logical models that can be used to mathematically represent the different processes

associated with the mechanism. The second half of this section presents results from

experimental and computational models that support the hypothesized mechanism.

7.3.1 Healing: reversal of the fracture process

Healing is generally regarded as the reversal of microdamage within the material that

occurs when the external loads that cause microdamage are removed or significantly

reduced. It is therefore natural that for any hypothesis to explain the healing process, it

must start from an understanding of the processes that cause microdamage.

Depending on the length scale of interest, different mechanisms can be used to

explain the evolution of microdamage within the material. This is particularly true

for materials such as asphalt binders that are complex composites of different organic

molecules. At a molecular or slightly higher length scale, microdamage can be

regarded as softening of the material due to the action of external loads. Such soften-

ing is driven by the rearrangement of different molecular species or components

within the material (Schmets et al., 2009; Jahangir et al., 2015). This mechanism

and concomitant softening of the material can also be used to explain what is com-

monly referred to as the thixotropic effect. One school of thought is that the thixotro-

pic effect must be accounted for separately from damage evolution (Shan et al., 2010).

On the other hand, such molecular reorganization and softening can be regarded as a

precursor to the more commonly recognized form of microdamage due to microcracks

or nanocracks at a slightly larger length scale. In summary, microdamage can be

regarded as a process that (1) initiates in the form of molecular reorganization, result-

ing in a loss of stiffness and (2) is followed by formation and growth of microcracks,

and also results in a loss of stiffness.

The view of microdamage as a two-step process can be used to hypothesize a mech-

anism of self-healing in an asphalt binder as a two-step process starting backward from

a load-induced microcrack. More specifically, from this viewpoint, healing would

entail reversal of crack openings (referred to as crack closing or crack wetting), fol-
lowed by strength gain across the wetted interface (referred to as intrinsic healing).
From an engineering and material characterization point of view, one is ultimately

interested in the magnitude of healing (or damage reversal) as a function of time. This

magnitude, H(t), can then be mathematically modeled based on the rate of crack
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wetting,W(t), and rate of intrinsic healing Ih(t). Wool and O’Connor (1981) indicated

that because both wetting and intrinsic healing are simultaneous and time-dependent

processes, the overall healing process can be modeled using a convolution integral:

H tð Þ¼
ðt¼t

t¼�1
Ih t� tð Þ@W tð Þ

@t
dt (7.1)

where t is time and t is a dummy variable.

The lower limit of negative infinity in Equation (7.1) has special significance: it is

used to describe healing even when there is microdamage at the crack tip that has not

yet advanced to the crack opening stage. This is achieved by considering that the crack

is closed and partially healed at t¼ 0. The process of modeling and ultimately mea-

suring factors that dictate self-healing can now be reduced to two issues: (i) under-

standing the mechanism of wetting and developing an appropriate mathematical

model for the same and (ii) understanding the intrinsic healing process and developing

an appropriate mathematical model for the same.

7.3.1.1 Crack wetting

Crack wetting can be explained and modeled as a function of fundamental material

properties by investigating this problem from a contact mechanics perspective. The

rate of autonomous crack wetting in the absence of external forces, as is the case with

the self-healing process, can be described by considering the intermolecular surface

forces just beyond the point of contact of the two surfaces, as well as the shape change

due to these forces. Maugis and Barquins (1983) and Muller et al. (1979) developed

such models; the former assumed constant intermolecular surface forces within the

cohesive zone beyond the crack tip that dropped to zero beyond this zone (referred

to as the Dugdale model), and the latter assumed a more realistic Lennard-Jones type

potential to describe the interfacial surface forces beyond the crack tip. Subsequently,

Schapery (1989) demonstrated that although the surface energy may be small, over a
long period of time it can produce considerable deformation and contact area growth.
Schapery used the modified correspondence principles to apply elastic solutions to

viscoelastic materials and describe the rate of autonomous crack wetting, _a, as a func-
tion of fundamental material properties (the exact mathematical form is not required to

make the point):

_a¼ fn b, sb, g,D0,D1,mð Þ (7.2)

In this model, the termsD0,D1, andm are parameters of the creep compliance function

that follow the power law (i.e., D tð Þ¼D0 +D1t
m) and can be easily measured for the

material of interest; b is the length of the cohesive zone or length over which the inter-

molecular surface forces are effective; sb is the Dugdale stress, or in this case a con-

stant bonding stress, that is assumed to act over the healing process zone and drops to

zero beyond this zone; and g is the surface free energy. The length of the cohesive or

healing process zone b is a function of the crack-tip geometry and bonding stress.
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Schapery (1989) expressed b as a function of sb and the time-dependent stress

intensity factor K1, for a sharp crack tip. Hui et al. (2001) expressed b as a function

of sb for the geometry of two spheres in contact.

7.3.1.2 Intrinsic healing

The second issue is to understand the relationship between the intrinsic healing func-

tion and fundamental material properties. The intrinsic healing function is a dimen-

sionless quantity that represents the rate at which a wetted crack interface gains

strength or stiffness relative to the undamaged strength or stiffness of the material.

Themost general form for the intrinsic healing function Ih(t) represents the cumulative

effect of (i) instantaneous strength gain due to interfacial adhesion (or, more appro-

priately, cohesion) at the crack interface due to its surface free energy g and (ii) time-

dependent strength gain due to restructuring of molecules across the interface to

achieve a configuration and strength similar to that of the undamaged material.

Explicit modeling of molecular restructuring requires that the self-diffusivities of

the different molecules and detailed molecular structures be known well in advance.

Preliminary work in this direction is presented in Section 7.3.3. Additional work

related to the development of such explicit models is underway by other researchers,

Zhang and Greenfield (2007). In the absence of an explicit model, a phenomenolog-

ical model can also be used to represent the intrinsic healing function. For example,

Bommavaram et al. (2009) used the Avrami form to express the intrinsic healing

function:

Ih tð Þ¼ I0 + 1� I0ð Þ 1� e�qtr
� �

(7.3)

In Equation (7.3), I0 is related to the surface free energy g, q is a temperature-

dependent material constant, and r is a material constant. Bommavaram et al.

(2009) were able to determine these parameters using experiments that involved com-

plete instantaneous wetting of two artificially created crack surfaces. These experi-

ments are discussed in Section 7.4 of this chapter.

In summary, the rate of crack wetting is dictated by material properties such as the

creep compliance of the material, surface free energy of the binder, and geometric

features of the microcrack. Also, the rate of intrinsic healing is dictated by the rate

at which molecular restructuring occurs across a wetted crack interface. This is in turn

dictated by the self-diffusivity and mobility of the molecules. Figure 7.1 illustrates this

Healing = fn (rate of  wetting, rate of  intrinsic healing)

fn (mechanical properties,
surface free energy)

fn (molecular morphology)

fn (surface free energy,
self-diffusivity)

Figure 7.1 Interrelationship

between material properties and the

healing model.
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summary. Section 7.3.3 provides evidence for the relationship among molecular

morphology, self-diffusivity, and rate of healing, in support of the hypothesized heal-

ing mechanism. In addition, Section 7.4 of this chapter provides evidence for the rela-

tionship between surface free energy and self-healing of asphalt binders.

7.3.2 Influence of molecular morphology: experimental evidence

Based on the mechanism of healing described in the preceding section, one might

expect that asphalt binders containing more molecules with longer chains and fewer

branches would have greater mobility and facilitate faster restructuring compared to

asphalt binders containing fewer molecules with longer chains and greater branching.

This is also based on the reptation model proposed by de Gennes (1971), which indi-

cated that molecular mobility is important in facilitating molecular movement across

crack interfaces and strength gain to promote healing. Kim et al. (1990) devised and

reported the results from an experiment that evaluated this aspect of the healing

hypothesis. They selected three asphalt binders with different chemical composition

and measured their healing characteristics.

Kim et al. (1990) fabricated identical asphalt-mixture beam specimens using the

three different asphalt binders. They then used a notched-beam fatigue test with inter-

mediate rest periods to measure the healing characteristics of the different asphalt

mixtures. They quantified healing in terms of an index based on the relative increase

in the dissipated pseudostrain energy immediately after the rest period relative to the

dissipated pseudostrain energy just before the rest period.

They proposed the use of two parameters to serve as approximate indicators of

molecular mobility (or chain length and branching) related to self-healing: the

methylene-to-methyl-hydrocarbon (MMHC) ratio and the methylene-to-methyl-

group (CH2/CH3) ratio. TheMMHC ratio identifies the amount of branching in chains,

and the CH2/CH3 ratio is indicative of the length of chains. These parameters can be

estimated using FTIR spectra. Kim et al. (1990) demonstrated a good correlation

between these parameters and the healing index for the selected asphalt binders.

Figure 7.2 illustrates a summary of the results reported by Kim et al. (1990). These

results demonstrate that the mobility of asphalt molecules is correlated to the rate

of self-healing, which is consistent with the hypothesized healing mechanism

described in the previous subsection.

7.3.3 Influence of molecular morphology: evidence based
on computational modeling

Bhasin et al. (2011) conducted molecular simulations for model asphalt binders cre-

ated using an ensemble of three different types of molecules, each representing a con-

stituent species (asphaltene, napthene aromatic, and saturates), following the previous

work of Zhang and Greenfield (2007). Bhasin et al. (2011) created different asphalt

binders by varying the relative proportions of saturates, napthene aromatics, and

asphaltenes, as well as by varying the chain length of the molecule used to represent
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the saturates. Structures for the asphaltene and naphthene aromatic molecules were

represented using model compounds; these structures were not varied. Table 7.1

presents the composition of the four different binders. The different binders were

created to obtain different chain lengths and branching (CH2/CH3 and MMHC ratios),

and consequently, different self-diffusivity of molecules.

Bhasin et al. (2011) used a commercial software, Materials Studio® by Accelrys

Inc., to conduct a molecular dynamics simulation of molecular movement across a

simulated crack interface. Figure 7.3 illustrates the layered structure that was used

to determine diffusivity by simulating dynamics at 298°K for 50 ps, and the same

structure after being subjected to dynamics simulation for 100 ps at 873°K.
Similar to Kim et al. (1990), Bhasin et al. then tried to determine the relationship

between molecular length and branching to the self-diffusivity. Because the exact

molecular structures were known for the molecular dynamics simulations, the CH2/

CH3 and MMHC parameters could be directly computed by counting the number
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Adapted from Kim et al. (1990).

Table 7.1 Composition of asphalt binders used in molecular dynamic
simulations

Number

Saturates chain

length

Approximate proportions of asphaltene, napthene,

and saturates

1 n-C23 20–40–40

2 20–20–60

3 n-C33 20–40–40

4 20–20–60
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of methylene and methyl groups. Figure 7.4 illustrates that there is a good correlation

between chain length and branching of molecules to the self-diffusivity of molecules

at the crack interface, and consequently on the healing properties of the binder. The

findings based on molecular simulations were consistent with the findings reported by

Kim et al. (1990) based on experimental evidence; that is, binders with a molecular

composition that result in greater overall mobility tend to heal faster. This, of course,

is an extreme simplification of molecular mobility. However, it provides instructive

insight into the hypothesis that indeed molecular morphology impacts molecular

mobility, and hence impacts healing.

Figure 7.3 Layered structure with an artificial crack interface used for molecular simulations

(top) and after being subjected to accelerated healing at elevated temperatures (bottom).
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7.4 Healing in asphalt binders

As discussed in Section 7.3, healing in asphalt binders can be regarded as a two-step

process that occurs concurrently in time: (1) wetting of the cracked interface, where

the rate of wetting is governed by the surface free energy of the binder, creep com-

pliance of the binder, and geometry of the microcrack and (2) intrinsic healing com-

posed of instantaneous and time-dependent strength gain across the cracked interface.

The instantaneous strength gain is hypothesized to be related to the surface free energy

of the binder, while the rate-dependent strength gain is related to the mobility of

asphalt binder molecules, dictated by their size and self-diffusivity. This section

addresses one way of measuring intrinsic healing of different asphalt binders, as well

as experimental evidence that supports the hypothesis that the instantaneous compo-

nent of intrinsic healing is correlated to the surface free energy of asphalt binders.

7.4.1 Measuring intrinsic healing in asphalt binders

Bommavaram et al. (2009) developed a method to measure the intrinsic healing of

asphalt binders using the DSR. The test method was subsequently refined by

Bhasin et al. (2011) and also used by Qiu (2011) to evaluate healing characteristics

of different binders. In fact, Bahia and coworkers (Rad et al., 2014) have recently

adapted the same procedure to quantitatively estimate the interdiffusion between vir-

gin binders and aged binders from recycled asphalt pavement as a function of time and

temperature. The test method is briefly described here, although the details can be

found in the literature (Bhasin et al., 2011; Bommavaram et al., 2009). Readers are

encouraged to review the detailed procedure available in the literature to avoid mea-

suring artifacts. Before briefly describing this test method and typical results, it is

important to comment on the significance of measuring the intrinsic healing of asphalt

binders. Recall that overall healing in an asphalt composite is a function of the extent

of damage preceding the rest period (length and geometry of the crack tip and fracture

process zone) as well as the inherent properties of the binder. However, the intrinsic

healing component is exclusively dependent on the material properties of the binder.

Therefore, for researchers and engineers interested in comparing the healing char-

acteristics among binders (or influence of chemical additives on healing characteris-

tics), it is more beneficial and meaningful to measure the intrinsic healing

characteristics of the binder.

In order to measure the intrinsic healing rate of asphalt binders, the parallel plate

geometry is used with the DSR (25–40-mm diameter). A 3.5-mm thick bitumen spec-

imen is then affixed onto each one of the two end plates of the DSR. The surfaces of

the two specimens are then brought into contact with each other, and the DSR is pro-

grammed to adjust and maintain a small compressive normal force. The DSR is then

programmed to measure and record the dynamic shear modulus (G*) at different
points in time (typically every 2–5 min) over a period of 1 h. The measurements

are made by applying a limited number of load cycles with very small strain ampli-

tudes in order to minimize disturbance to the interface. The same procedure—control
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test—is then repeated using a single specimen with twice the thickness (the identical

size of the composite, two-piece sample). The change in the shear modulus of the two-

piece specimen is then normalized with respect to the single specimen to obtain a

dimensionless ratio that is representative of the percentage of healing (Figure 7.5).

It is important to emphasize the relevance of the above test protocol to the healing

framework described in the previous section. Healing between two bitumen surfaces

in contact with each other is modeled by the convolution of wetting and intrinsic heal-

ing or strength gain over time (Equation 7.4). The objective of this test method is to

obtain the healing function described in Equation (7.5). By bringing the two bitumen

surfaces in intimate contact with each other within a short duration of time, the

condition of instantaneous wetting is achieved. In this case, the wetting distribution

function reduces to a dirac delta function:

df tð Þ
dt

¼ d tð Þ (7.4)

As a result, the healing function reduces to the following form:

H tð Þ¼ Ih tð Þ (7.5)

In other words, the macroscopic healing function measured over time can be used to

obtain the healing function Rh(t). The procedure assumes that randomization of mol-

ecules across the wetted interface during the first few seconds of the test is minimal

and is accommodated in the instantaneous healing parameter of the healing function.

Figure 7.5 Photograph of a typical setup used to measure intrinsic healing of asphalt binders.

Damage healing in asphalt pavements 215



This assumption may not be valid if the test is conducted at elevated temperatures that

entail significant randomization across the interface within short time periods. Also,

note that the bitumen specimens are prepared by pouring liquid binder and gradually

allowing it to cool at room temperature. This process ensures that the surfaces of the

bitumen that come into contact with each other are smooth and free from any irreg-

ularities, to facilitate immediate wetting. A trimming process was also added to obtain

a smooth, flat surface (Bhasin et al., 2011).

As discussed previously, a modified form of the Avrami equation was used to

model the intrinsic healing behavior of an asphalt binder. Equation (7.3) represents

the sum effect of (a) instantaneous strength gain due to interfacial cohesion at the

crack interface, represented by the parameter I0 and (b) time-dependent strength gain

due to rearrangement and randomization of molecules across the crack interface,

represented by 1� I0ð Þ 1� e�qtr
� �

. The parameter q is a temperature-dependent mate-

rial constant. The parameter r is a material constant that is used to represent the nature

of internal transformation in metals or polymers. Traditionally, this parameter has

been assigned an integer value between 1 and 4 for metals, whereas in the case of poly-

mers, the value of r can be a noninteger depending on the types of changes that may

occur within the internal structure of the polymer. Based on this rationale,

Bommavaram et al. (2009) treated the parameter q as a temperature-dependent mate-

rial constant, and the parameter r as a material constant. Figure 7.6 illustrates typical

results for the intrinsic healing characteristics of three different unaged asphalt binders

measured at the same temperature (25 °C). Figure 7.7 illustrates typical intrinsic heal-
ing characteristics of another asphalt binder at different temperatures. In summary, it

was demonstrated that it is possible to get an approximate measurement for the intrin-

sic healing characteristics of different asphalt binders, and also that the rate of intrinsic

healing increased with an increase in temperature and decreased with aging. These

findings are consistent with the previously discussed healing hypothesis, because
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higher temperature increases molecular mobility, and aging results in more polar

molecules that agglomerate to form larger associated entities with lower mobility.

7.4.2 Role of surface free energy in instantaneous intrinsic
healing of asphalt binders

As discussed previously, the parameter I0 reflects the effect of instantaneous healing
that is due to the interfacial cohesion between the crack surfaces. In an effort to par-

tially validate this part of the healing hypothesis, as well as the use of the DSR to mea-

sure the intrinsic healing of asphalt binders as described in the previous subsection,

Bhasin et al. (2008) compared the values of I0 measured using the DSR-based test

method to the work of cohesion WC for asphalt binders selected from the Strategic

Highway Research Program (SHRP) Materials Reference Library, denoted by abbre-

viations AAD, AAM, and ABD (Jones, 1993). The work of cohesion was calculated

based on the surface tension of the asphalt binders, measured using theWilhelmy plate

method. Figure 7.8 compares the values of I0 to the value of the work of cohesion for
three different asphalt binders. As expected, the rank order of the parameter I0 for the
three asphalt binders follows the same order as the work of cohesion or surface free

energy determined using the Wilhelmy plate method. Although the data are limited,

they support the consistency of the analytical framework and test methods used to

obtain the material properties related to healing.

Another approach to partially evaluate the validity of the proposed healing mech-

anism and the DSR-based test method was to compare the intrinsic healing character-

istics of the binders measured using the DSR-based test method to the overall healing

0

20

40

60

80

100

0 10 20 30 40 50 60 70

In
tr

in
si

c 
he

al
in

g 
(%

)

Time (min)

PG 64-22 at 10 �C
PG 64-22 at 15 �C
PG 64-22 at 20 �C
PG 64-22 at 20 �C (PAV)

Figure 7.7 Typical results showing the differences in intrinsic healing of an asphalt binder at

different temperatures and also due to aging (all binders were RTFO-aged except the one

marked PAV).
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of composites produced using these binders. To this end, Little et al. (2001) conducted

fatigue tests with and without rest periods on cylindrical test specimens of fine aggre-

gate matrix (FAM). The test specimens were approximately 50 mm tall and 12.5 mm

in diameter and comprised asphalt binders mixed with fine aggregates (material smal-

ler than 1.18 mm in nominal diameter). The fatigue test was conducted by fixing one

end of the FAM specimen and applying a torsional shear at the other end. A strain

amplitude of 0.2% was applied using a sinusoidal wave form at 10 Hz until specimen

failure occurred. The stress response, along with shear modulus and phase angle, was

continuously recorded throughout the test. The fatigue life of the FAM specimen was

quantified using the number of load cycles to failure as well as a crack index parameter

derived using a fracture mechanics-based approach and the concept of dissipated

pseudostrain energy.

In order to quantify healing for different materials, nine rest periods of 4 min each

during the cyclic test were introduced. The rest periods were introduced after cycles

that correspond to 2.5%, 5%, 10%, 15%, 20%, 25%, 30%, 40%, and 50% of the fatigue

life value for that particular material, measured without any rest period. When rest

periods were applied, the crack index parameter was computed using the dissipated

pseudostrain energy, measured immediately after the rest period. By comparing this

parameter from the test with rest periods to the corresponding value of the parameter

from tests without any rest period, it was possible to quantify the influence of healing.

A relative decrease in this parameter, which would be associated with positive heal-

ing, was then used to quantify the healing potential for each material. Further details of

this methodology and typical results due to incorporation of rest periods can be found

in Little et al. (2006).

As discussed, both wetting and intrinsic healing functions are required to accu-

rately predict the magnitude of healing in the asphalt materials. While research on
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Figure 7.8 Typical results showing that the rank order of work of cohesion is similar to the rank

order of the instantaneous intrinsic healing parameter using the DSR test.
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the measurement of parameters related to wetting is ongoing, the intrinsic healing

characteristics of the different binders used to produce the FAM specimens can be

obtained using the DSR-based test method. Notwithstanding limitations of the

approach due to the lack of knowledge of certain wetting parameters (e.g., bonding

stress and length of healing process zone), Little et al. (2006) compared the percentage

of intrinsic healing at 4 min for each binder to the healing measured using the FAM

composites. Figure 7.9 illustrates one set of results from such a comparison. Little

et al. (2006) reported that, in general, the rank order of the mixes in terms of the effect

of healing on fatigue cracking life was similar to the order based on or predicted by the

intrinsic healing function. However, they also commented that parameters that affect

the healing function should be considered and used with the general convolution form

to get a better prediction of overall healing based on material properties and level of

damage.

In summary, the rate of crack wetting is dictated by crack size, crack geometry,

asphalt binder properties, and viscoelastic properties of the composite. On the other

hand, the rate of strength gain or intrinsic healing is dictated solely by the properties of

the asphalt binder. This mechanism can be modeled using a phenomenological model,

and the parameters for such a model can be obtained using the DSR-based test method.

This test method can also be used to evaluate the intrinsic healing properties of asphalt

binders at different temperatures and aging conditions. The advantage of this approach

is that it allows one to compare the intrinsic healing properties of different asphalt

binders under well-controlled laboratory conditions, without bringing into context

the rate of wetting. The former (intrinsic healing) is dictated by the properties of

the binder, whereas the latter (wetting) is influenced by both the rheology of the binder

and the properties of the mixture (geometry of the binder in the vicinity of the crack)

and damage history.
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Figure 7.9 Comparison of the intrinsic healing measured using the DSR-based test method to

the healing measured for asphalt composites (FAM).
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7.5 Measuring healing in asphalt mixtures

Section 7.3 of this chapter reviews the micromechanical framework used to charac-

terize healing in asphalt binders. This framework may be considered analogous to

fracture mechanics, wherein the interest is primarily on modeling and understanding

the relationship between material properties and the growth or healing of a single

microcrack. The focus of this section is to present a framework for quantifying the

healing in asphalt composites that is analogous to a continuum damage approach.

In other words, characterization of growth and self-healing of individual cracks is

not the focus; rather, the effect of multiple microcracks’ growing and self-healing

is averaged over a representative volume.

Section 7.2 of this chapter referenced the findings from several different studies

conducted to evaluate the healing characteristics of asphalt composites. In most cases,

the approach used in these studies was to quantify healing based on the change in stiff-

ness or a related parameter as a function of one or more rest periods introduced during

a fatigue test. Examples of parameters used are the relative increase in complex mod-

ulus, relative change in dissipated energy, and relative increase in the number of load

cycles to failure. This approach is extremely useful and provides a direct method to

compare the relative ability of different asphalt mixes to heal. However, a limitation of

this approach is that in most cases, the healing characteristics are defined by the

specific test configuration (e.g., duration of the rest period, mode of loading, loading

frequency or amplitude). This is analogous to the limitation encountered when fatigue

cracking is characterized in terms of the number of cycles to failure or a similar param-

eter. One approach to overcome this limitation is to use the work potential or visco-

elastic continuum damage (VECD) theory.

7.5.1 Continuum approach to quantify healing

Several factors must be considered in developing a continuum-based model to quan-

tify the healing characteristics of an asphalt composite. Specifically, a continuum

model and concomitant test method for healing must be capable of obtaining healing

characteristics that are:

1. Independent of the testing conditions that are used to induce damage prior to the rest period

associated with healing (e.g., stress- or strain-controlled mode of loading, amplitude of load-

ing, frequency of loading).

2. Sensitive to the duration of the rest period during which healing occurs.

3. Sensitive to the level of damage that precedes the rest period.

One approach to accomplish the first requirement is to use work potential theory as a

starting point for quantifying the damage evolution in the asphalt composite. Work

potential theory, developed by Schapery, is a continuum damage theory that describes

the mechanical behavior of an elastic material that experiences incremental damage,

using a damage evolution law derived from the principles of thermodynamics. In sum-

mary, the theory is based on the consideration that any mechanical, chemical, or ther-

modynamic process that changes thematerial state from one state (characterized by the

state variable S, stress, and strain) to another requires the same amount of strain energy,
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irrespective of the path.Work potential theory or elastic continuum damage theory can

be extended to describe damage evolution (as in the case of crack nucleation and

growth) in viscoelastic materials by using the correspondence principles and a damage

evolution law. In fact, Kim and coworkers provide significant evidence demonstrating

that this approach can be used to characterize fatigue damage in an asphalt concrete

mixture, independent of the specific mode of loading or test conditions, and can poten-

tially be extended to characterize the effect of healing. This approach, referred to as the

VECD model, is briefly described in the paragraphs below.

The VECD theory relates the reduction in pseudostiffness C of a specimen subject

to external (cyclic or continuous) loads to an internal state variable, S,which represents
the state of damage within the specimen. Kim and coworkers (Daniel and Kim, 2002;

Kim et al., 1998; Park et al., 1996; Underwood et al., 2010) demonstrated that this dam-

age evolution relationship is unique for a given asphalt mixture and is also independent

of the testing conditions (e.g., mode of loading, frequency, amplitude). In other words,

the C�S relationship is a true material property that is independent of the testing con-

ditions. In order to obtain this relationship, cyclic or monotonic loading is applied to

the test specimens using two or more different loading conditions. One of the three

modified correspondence principles is used to transform the time-dependent stress–

strain data into a pseudodomain that corresponds to a hypothetical elastic material;

based on the theoretical foundation and past results, correspondence principle II

(CP-II) is typically found to be more appropriate. The transformations are obtained as

sR ¼ s tð Þ (7.6)

ER ¼ 1

ER

ðt
0

E t� tð Þ@E tð Þ
@t

dt (7.7)

In Equations (7.6) and (7.7), s(t) and E(t) are the time-dependent stress and strain

history associated with the viscoelastic material, and the superscript R denotes the

transformed stress in the pseudoelastic domain. The term ER is the reference elastic

modulus or the modulus for the pseudoelastic domain (typically taken as unity),

and E(t) is the linear viscoelastic relaxation modulus of the material. The pseudo-

stiffness, C, is defined as the slope of ER versus sR. Based on the pseudostress–

pseudostrain behavior of asphalt concrete subjected to simple uniaxial cyclic fatigue

tests, the constitutive model proposed by Lee and Kim is

sR ¼C Sð ÞERI (7.8)

The strain energy potential is given as

WR ¼ 1

2
IC Sð Þ ER

� �2
(7.9)

In Equation (7.8), the functionC(S) is the characteristic damage evolution function for

thematerial and represents the change in pseudostiffness of thematerial due to damage

evolution. The parameter I represents the initial pseudostiffness, introduced to reduce
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specimen-to-specimen variability. Similar to the Paris law, Schapery proposed that the

damage evolution in a viscoelastic material follows a power-law form given as

@S

@t
¼ �@WR

@S

� �a

(7.10)

The following discrete form of this law was developed and demonstrated to be true

over several research studies conducted by Kim and coworkers as well as other

researchers (Daniel and Kim, 2002; Lee and Kim, 1998; Park et al., 1996;

Underwood et al., 2010):

SR ffi
Xn
i¼1

0:5 ERi
� �2

Ci�1�Cið Þ
� � a

1 + a
ti� ti�1ð Þ 1

1 + a (7.11)

In Equations (7.10) and (7.11), the term a is related to the material creep and is sug-

gested to take the form of 1 + 1=mð Þ or 1/m depending on the type of fracture, wherem
is the exponent of linear viscoelastic creep compliance. Recent studies (Karki et al.,

2015; Palvadi et al., 2012a,b) have also demonstrated that the above approach can be

used to obtain the C(S) relationship for other asphalt composites such as FAM com-

prising aggregates finer than 1.2 mm and asphalt binder. Figure 7.10 illustrates some

of the results obtained from these studies.

In the aforementioned studies, researchers used the VECD approach in reverse to

characterize healing in asphalt composites in a manner that addressed the second and

third requirements listed earlier (sensitive to duration of the rest period and extent of

Monotonic

0.002

0.2

0.4

0.6

0.8

1.0

0.004 0.006

State variable for damage (S)

N
or

m
al

iz
ed

 p
se

ud
os

tif
fn

es
s,

 C

0.008 0.01 0.012

Cyclic shear
12% binder content

10% binder content

Figure 7.10 Results from cyclic fatigue tests showing a unique C(S) function for each of the

two different FAM specimens tested using different loading conditions.
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damage preceding the rest period). The rationale for using the VECD approach was that

the healing characteristics so obtained would be independent of the testing and loading

conditions used to induce damage to the material. They start by defining healing as the

relative percentage reduction in the damage parameter S and mathematically given as

%Healing C, tð Þ≝ Sf C, tð Þ�Si Cð Þ� 	
Si Cð Þ 100 (7.12)

In Equation (7.12),C represents the pseudostiffness immediately before a rest period is

introduced, t denotes the duration of the rest period, and Si(C) and Sf (C, t) correspond
to the internal state variables representing the state of damage before and after the

introduction of a rest period, respectively. Note that the state of damage after the rest

period is a function of the pseudostiffness of the material C that existed immediately

before the introduction of the rest period as well as the duration of the rest period t. The
value of Si(C) can easily be calculated as discussed above, using Equation (7.11). On

the other hand, Sf (C, t) is the result of a thermochemical healing process and cannot be

calculated directly, because it requires an evolution law that relates Sf to the unknown
chemical and thermodynamic forces that drive healing.

An apparently straightforward way to obtain the value of Sf (C, t) is to measure the

pseudostiffness ofC immediately after the rest period of duration t, and to use this with
the C(S) function to determine Sf (C, t). However, experimental results show that the

damage evolution in a partially healed specimen immediately following the rest

period occurs at a much faster rate compared to the damage evolution rate in the

specimen at a similar level of pseudostiffness. This idea is illustrated in

Figure 7.11. Consider a specimen that responds to a cyclic fatigue test following

the curve C1 in Figure 7.11. Now consider another test that is conducted using a sim-

ilar test specimen, but with a rest period introduced at a time when the pseudostiffness

of the material reaches a value ofCi. When the loading is resumed, the pseudostiffness

of the material recorded would be Cf. However, the material would accumulate dam-

age at a much faster rate (shown by curve C2) compared to the rate of damage at a

similar level of pseudostiffness for the original material (shown by curve C1). This

suggests that although the healing that took place during the rest period resulted in

an increase in the stiffness of the material, it did not result in a corresponding increase

in the strength of the material or corresponding reduction in the extent of damage in

the material. Similar differences in the damage evolution characteristics of the asphalt

mixes immediately after the rest period have been reported in other studies (Lee and

Kim, 1998; Little et al., 2001). It is speculated that upon allowing a damaged material

to heal, weak bonds are formed across the cracked interface and strength across these

interfaces increases with time. The interfaces that only gain partial strength are weaker

than the originally intact material and are easier to break, and thus contribute to a faster

rate of damage evolution compared to the intact specimen when loads are again

applied following rest periods. In conclusion, the stiffness immediately following

the rest period is not a good representation of the level of damage reversal in the

matrix, and therefore is not recommended as a basis to estimate Sf(C, t), as it would
result in an overprediction of healing.
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In order to avoid overestimating healing, Palvadi et al. (2012a) and Karki et al.

(2015) hypothesized that Sf(C, t) could be back-calculated from data resulting from

the application of additional load cycles to a test specimen immediately after the rest

period. Using the example of Figure 7.11 once again, this can be explained as follows.

The damage evolution curve following the rest period, C2, eventually takes the same

form of the original damage evolution curve C1. Experimental evidence suggests that,

depending on the extent of partial healing, the two curves C1 and C2 take the same

form (shape) no later than the number of cycles at which the pseudostiffness falls

below the level before which the rest period was introduced. In other words, the

two curves C1 and C2 have the same form as before the pseudostiffness dropped below

Ci, that is, the value at which the rest period was introduced. Therefore, it is possible to

back-extrapolate the curve C2 (following the same functional form as C1) and deter-

mine the reduced pseudostiffness Cf
¢ immediately following the rest period. This

back-extrapolated portion of the curve is shown as C3 in Figure 7.11. The reduced

pseudostiffness can be regarded as the equivalent pseudostiffness of the material with

the corresponding extent of reversed damage. The reduced pseudostiffness is also used

with the C(S) curve to determine Sf(C, t), and used with Equation (7.12) to compute

percentage healing. Readers are encouraged to review the two aforementioned para-

graphs and Figure 7.11 carefully to grasp the underlying concept, and also to review

the cited literature for more details.

Palvadi et al. (2012a) and Karki et al. (2015) used the aforementioned approach to

determine the healing characteristics of FAM specimens fabricated using different

types of asphalt binders and aggregates. Palvadi et al. (2012a) applied different
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durations of rest period at the same level of damage (or pseudostiffness) to determine

the influence of the duration of rest period on the healing characteristics. They

repeated the test using different specimens of the same material, but varying the level

of damage immediately preceding the rest period. Based on these tests, they were able

to determine the healing characteristics of the composite as a function of the duration

of the rest period, as well as the level of damage immediately preceding the rest

period. Karki et al. (2015) used a similar approach, but were able to combine different

durations of rest periods at different levels of damage using the same test specimen. By

using an algorithm of shifting, they were able to reproduce the base line C(S) curve for
the material when there is no rest period, as well as the healing characteristics of the

material as a function of the duration of the rest period and level of damage preceding

the rest period. Figure 7.12 illustrates a schematic of the protocol that was used to

conduct these tests. Figure 7.13 provides validation for the above methodology.
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TheC(S) curves shown in Figure 7.13 are the same for a given material, irrespective of

the fact that some of these curves were obtained with intermediate rest periods and the

shifting scheme developed by Karki et al. (2015). In fact, the curves were also the

same irrespective of the amplitude of cyclic loading used to induce damage. Finally,

Figure 7.14 illustrates the percentage healing for a typical material as a function of

both the duration of the rest period and the damage immediately preceding the rest

period. As expected, for any given level of damage, longer durations of rest periods

resulted in greater percentage healing. Also, higher percentages of healing were

achieved when the rest periods were introduced at a lower level of damage. This is

expected because larger cracks associated with greater level of damage are unlikely

to heal as effectively as smaller cracks.

7.6 Microdamage healing: impact of rest period
and thermodynamic considerations

7.6.1 Microdamage healing in the absence of a rest period

It is commonly believed that microdamage healing of asphalt binder and asphalt con-

crete occurs only during the rest period between the loading cycles at intermediate and

high temperatures. While this could be true for elastic media with healing potential,

the existence of a rest period between the loading cycles is not the only condition

under which microdamage healing occurs in time-dependent materials (e.g., visco-

elastic materials) with healing potential, such as asphalt concrete and asphalt binder.
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Residual (internal) compressive stresses can also aid in the microdamage healing of

asphalt concrete. These residual compressive stresses occur even during a cyclic

displacement-controlled (CDC) test in tension, where there is no rest period between

the loading cycles.

The healing mechanism during the CDC test is illustrated with the aid of Figure 7.15,

which shows part of strain and stress responses during the CDC test in tension conducted

at 19 °C. In the CDC test, the stress remains tensile during a large portion of the loading

history. During the unloading (i.e., when the strain rate is negative), however, compres-

sive stresses are induced in the specimen. These compressive stresses cause the micro-

crack free surfaces to wet (i.e., get close to each other) and undergo healing and crack

closure. This effect can be explained based on the fading memory of viscoelastic

Time (s)

Time (s)

S
tr

es
s 

(k
P

a)
S

tr
ai

n 
(m

ic
ro

st
ra

in
)

40.7540.540.25

40.7540.5

A B C

40.25

–400

–200

0

200

400

600

800

250

500

The region during which damage occurs
The region during which microdamage healing occurs

750

1000

d

eDamage
th

Figure 7.15 Schematic representation of the strain and stress responses for a tensile CDC test

and the stages during which microdamage nucleation/growth and microdamage closure/healing

occur, with d being the lag between stress and strain responses.
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materials and the lag between stress and strain responses, which is signified by the

term d, as shown in Figure 7.15. As explained by Coleman (1964), fading memory

is referred to the assertion that the deformations experienced in the distant past should

have less effect on the present values of the stress than deformations that occurred in the

recent past (e.g., Coleman and Noll, 1961; Coleman, 1964).

In order to illustrate the effect of the fading memory, assume that a viscoelastic

medium contains a single microcrack of length a0 at point “A,” Figure 7.16, and the

damage growth occurs when the tensile strain exceeds a threshold value (i.e., eth
Damage).

Moving from point “A” to point “B” in Figure 7.15, the strain remains larger than

eth
Damage and the induced stresses in the viscoelastic medium are also tensile. Therefore,

the microcrack length increases by DaL, such that the crack length at point “B” reaches
a0 +DaL, Figure 7.16. However, fadingmemory causes the stresses induced in themate-

rial to relax and fade away with time.

The increase in the strain level during the preceding loading stage has less effect on

the stress level than the decrease in the strain level during the current unloading stage.

Obviously, the negative increment in the stress due to the decrease in the strain level

during the unloading stage is more than the positive increment in the stress due to the

increase in the strain level during the preceding loading stage. Therefore, the visco-

elastic medium feels compressive stresses at some point during the unloading stage,

although the total strain is still tensile. Therefore, the crack length decreases when

moving from point “B” to point “C” by the increment of DaUL. The induced stresses

are compressive during a small portion of the loading and deformation history for the

tensile CDC test, such that DaL is always greater than DaUL (i.e., DaL >DaUL). There-
fore, microcracks still propagate and increase in length when moving from point “A”

to point “C.” However, accurate estimation of the damage density requires the incor-

poration of both DaL and DaUL components.

The schematic analysis shown in Figures 7.15 and 7.16 illustrates microdamage

healing of the asphalt concrete materials and that, in fact, microdamage healing

can occur even during the cyclic tensile loading scenarios. This phenomenon makes

it vital to incorporate the microdamage healing effect in order to accurately predict

fatigue damage of asphalt concrete materials. This observation can also help explain

the impact of healing at low levels of damage (low strain amplitude), such as those

designed for perpetual pavements.

a0
a0 + ΔaL a0 + ΔaL − ΔaUL ;  ΔaL > ΔaUL

Point “A” 
(a) 
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(b) 
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Figure 7.16 (a–c) Schematic representation of the crack growth and crack closure/healing

during one cycle of a tensile CDC test.
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7.6.2 Thermodynamics of damage and microdamage
healing processes

One of the most important issues associated with damage and microdamage processes

is how energy is stored and dissipated as the material experiences damage and micro-

damage healing. This issue is usually studied in the context of thermodynamics of irre-

versible phenomena through introducing internal state variables representing damage

and microdamage healing processes. However, in most studies on thermodynamics of

self-healing materials, the microdamage healing process is treated similar to the dam-

age process (e.g., Miao et al., 1995; Voyiadjis et al., 2011; Pauli, 2014). From these

studies, it can be implied that both damage and microdamage healing are dissipative

by nature, such that one can derive expressions for storage and dissipative energies

during the microdamage healing process similar to the way that storage and dissipa-

tive energies during the damage process are derived. However, one must note that

damage and microdamage healing have different mechanisms and should be treated

differently. In fact, for ideal self-healing materials, the net dissipated energy during a

controlled cycle of damage and complete healing could be zero. In this section, a

general thermodynamic framework of damage and microdamage healing is presented,

with a specific focus on the mechanism under which damage and microdamage heal-

ing processes store and dissipate energy. The framework presented herein should be

slightly modified to be applicable to self-healing materials with chemical reactivity,

such as the hydration reactions or pozzolanic reactions during the curing of Portland

cement.

The framework presented herein is based on the definition of internal and external

expenditures of power defined following the framework of Gurtin (2003), but with the

consideration of damage and microdamage healing. Experimental observations show

that materials with healing potential undergo healing processes under specific condi-

tions, such as during the rest period and under hydrostatic pressure. During the rest

period, in particular, external loading is removed, and therefore, the external power

might be considered to become zero. However, the microdamage healing process par-

tially continues by consuming some of the energy stored inside the body. Further heal-

ing occurs once external energy in the form of heat is supplied to the body. This heat

speeds up the healing process, and in some cases is essential for the complete healing

process. In these cases, temperature change and evolution are extremely important and

cannot be ignored (e.g., Cardona et al., 1999). This can be verified by studying the

effect of temperature on the healing process (e.g., Reinhardt and Jooss, 2003;

Kessler, 2007; Little and Bhasin, 2007). One may start with the principle of virtual

power, which states that the external expenditure of the power Pext due to a virtual

motion should be balanced by the internal expenditure of the power Pint associated

with the same virtual motion (i.e., Pint ¼Pext). Degrees of freedom of the body are

considered to be the displacement vector u, the elastic strain tensor «e, the damage

density f, the healing variable h, and temperature T, such that the generalized virtual

motions are the set consisting of _u, _ee, _f, _h, _T,r _T
n o

. It is assumed that these virtual

motions are, momentarily, independent. The dependency among these virtual motions

will be established later. It should be noted that the rate of temperature _T change and
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its gradientr _T have been added to the usual velocity variables to ensure the generality

of the thermodynamic framework and in consideration of the endothermic nature of

the healing process. Obviously, conventional energy flux should also be modified

according to Maugin and Muschik (1994). The internal and external expenditures

of power can be written as

Pint ¼
ð
V

s : _ee + Y _f�H _h+ x _T + g:r _T
� �

dV;

Pext ¼
ð
V

bi _uidV +

ð
S

ti _uidS�
ð
V

r€ui _uidV +

ð
S

w _TdS (7.13)

The Cauchy stress tensor s, the damage force Y, and the healing force H are the

generalized thermodynamic forces that conjugate to the elastic strain tensor, damage

density, and healing variable, respectively. Two additional generalized thermody-

namic forces, x and g conjugated to temperature and its gradient, respectively, are

defined similar to Cardona et al. (1999). Equation (7.13) shows that the damage pro-

cess increases the internal expenditure of power, whereas the microdamage healing

process decreases the internal expenditure of power. This microdamage healing pro-

cess can therefore be considered as the inverse of the damage process. On the other

hand, the macroscopic body force b, the macroscopic surface traction t, the inertial

forces, and the generalized temperature traction w conjugated to _T contribute to the

external expenditure of power. Applying the principle of virtual power implies

sij, j + bi ¼ r€ui, in V; ti ¼ sijnj, on S (7.14)

w¼ gini; onS (7.15)

Y¼ 0; inV (7.16)

�H _h+ x� gi, i
� �

_T¼ 0; inV (7.17)

where n denotes the outward unit normal on the boundary S. Equations (7.14)1 and
(7.14)2 represent the local static/dynamic macroforce balance and the boundary trac-

tion as the density of the surface forces, respectively. Equation (7.15) defines the

boundary traction for the thermodynamic forces conjugate to _T. Equation (7.16)

defines the damage microforce balance (Fremond and Nedjar, 1996) that will be used

to derive the dynamic viscodamage nucleation and growth conditions (Abu Al-Rub

and Darabi, 2012; Darabi et al., 2012a). The virtual motion fields have not been

removed in Equation (7.17). This new and nonclassic equation will be referred to

as the microdamage-healing microforce balance, which will be used to derive micro-

damage healing condition and evolution functions. Equation (7.17) reduces to the

following equation when the gradient of the rate of temperature is neglected (i.e.,

r _Tffi 0):

�H _h+ x _T¼ 0 (7.18)
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Equation (7.18) clearly shows the dependency of the healing process on the rate of

temperature change. Roughly speaking, Equation (7.18) states that additional power

provided as external heat is required for the healing process to occur. This is in agree-

ment with the endothermic nature of the healing process. This equation can be

explained even for the isothermal conditions for which the body V is in contact with

a reservoir maintaining a constant temperature. In this case, the healing process is

accompanied by the absorption of the heat from its surrounding area. This process

causes temperature drop within the area in which healing occurs. The reservoir will

then compensate for this temperature drop by supplying the heat to the body V,
guaranteeing the isothermal condition. However, the timescale for achieving the

isothermal condition is of the order of the timescale required for the healing phenom-

enon, which makes it impossible, for practical purposes, to ignore this transient region

during the healing process. Therefore, the rate of the heat supply is directly correlated

to the rate of the healing process. At the first approximation, one can assume a linear

relationship between the rate of the temperature change and the healing rate (i.e.,

x _T¼K _h), such that the microdamage-healing microforce balance will be simplified

to the following form in the absence of the temperature gradient:

H�K¼ 0 (7.19)

It is assumed that, for the isothermal conditions, the Helmholtz free energy c depends

on the elastic strain tensor «e, the damage density f, and the healing variable h, such
that

c¼c ee, f, hð Þ (7.20)

By combining the first and the second laws of thermodynamics (i.e., balance of energy

and entropy imbalance, respectively), and conservation of mass, and taking the time

derivative of the resulted Clausius–Duhem inequality for the isothermal conditions,Ð
vr

_CdV�Pint, (c.f., Lemaı̂tre and Chaboche, 1990), the following expressions can

be derived:

s¼ r
@C
@ee

; P¼ Y�r
@C
@f

� �
_f� H + r

@C
@h

� �
_h+K _h� 0 (7.21)

whereP is the rate of the energy dissipation. Equation (7.21) expresses the dissipated

energy during damage and microdamage processes. The rate of the energy dissipation

during the damage process Pvd and during the microdamage healing process Ph can

be expressed as follows:

Pvd ¼ Y�r
@C
@f

� �
_f; Ph ¼� H + r

@C
@h

� �
_h+K _h (7.22)

such that the total rate of energy dissipation is P¼Pvd +Ph � 0.

Damage healing in asphalt pavements 231



At a specific location within the material at a specific time t, the material can either

undergo the damage process or undergo the microdamage healing process. Therefore,

the rate of the microdamage healing variable is zero during the damage process and

vice versa, such that P¼Pvd � 0 during the damage process and P¼Ph � 0 during

the healing process.

A close look at Equation (7.22)2 shows that part of the required internal power for

the microdamage healing process is provided by the stored energy due to the micro-

damage healing processes. In other words, the microdamage healing process causes

the stored energy to decrease. This released energy (provided by the decrease in

the stored energy) is derived from the surface free energy on the faces of the cracks

that participate in the healing process as well as from, in certain systems, the increase

in configurational entropy. For example, in a bitumen system, the introduction of a

crack face probably establishes a preferred orientation of aliphatic, polynuclear aro-

matic, and naphtenic aromatics. During the healing process, a reorganization of these

phase or components across the crack interface contributes to some degree to the rees-

tablishment of strength (healing), resulting in an increase in configurational entropy

and a decrease in free energy. In fact, Bhasin et al. (2011) established, using molecular

dynamics, that the composition of the bitumen affects the rate or reorganization across

an interface. This released energy is spent for the partial microdamage healing pro-

cess. The extra required energy for the microdamage healing process (i.e., shown

by K _h) comes from the external heat energy (i.e., x _T¼K _h). For the hypothetical

completely self-healing materials, this extra energy is not required (i.e., K¼ 0), such

that the microdamage healing process does not dissipate energy and can be considered

as a reversible process. However, this condition does not occur in reality.

Equation (7.21)2 contains terms that are only a function of the Helmholtz free

energy, which can be defined as energetic thermodynamic conjugate forces. One

can define those as the energetic terms as follows:

P¼ Y�Yeneð Þ _f� H�Heneð Þ _h+K _h� 0; Yene � r
@C
@f

and Hene ��r
@C
@h

(7.23)

where Yene and Hene are energetic components of the thermodynamic forces conju-

gated to f and h, respectively. Equation (7.23) shows that the rate of the energy dis-

sipation resulting from the damage process is positive only if the thermodynamic force

conjugated to the damage variable has both energetic and dissipative components,

such that the rate of the energy dissipation during damage and microdamage healing

can be written as

P¼Ph ¼ �Hdis +K
� �

_h� 0; _f¼ 0 during themicrodamage healing processð Þ
P¼Pvd ¼ Ydis _f� 0; _h¼ 0 during the damage processð Þ

(7.24)

where Ydis ¼ Y�Yene and Hdis ¼H�Hene are dissipative components of the damage-

and microdamage-healing conjugate forces, respectively.
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The thermodynamic framework described herein shows that both damage- and

microdamage-healing thermodynamic forces should have energetic and dissipative

components. This is in line with the pioneering work of Ziegler (1977), which states

that the proper estimation of the stored energy and energy dissipation requires the

thermodynamic conjugate forces to have both energetic and dissipative components.

The energetic and dissipative terms mean that the thermodynamic conjugate forces are

derived from the Helmholtz free energy and the rate of the energy dissipation, respec-

tively. Obviously, in order to formulate constitutive relationships for the energetic and

dissipative conjugate forces, one needs to know how the material stores energy (which

helps in assuming a mathematical form for the Helmholtz free energy) and how the

material dissipates energy (which helps in assuming mathematical forms for the rate

of the energy dissipation).

The dissipative components of the thermodynamic conjugate forces can be

identified using the maximum rate of energy dissipation principle and utilizing the

mathematics of multiple variables, such that

Ydis ¼ lvd
@P

@ _f
; lvd ¼P=

@P

@ _f
_f

� �
(7.25)

Hdis�K¼�lh
@P

@ _h
; lh ¼P=

@P

@ _h
_h

� �
(7.26)

where lvd and lh are viscodamage- and microdamage-healing Lagrange multipliers,

respectively.

This concludes the general thermodynamic framework for derivation of damage-

and microdamage-healing constitutive relationships with specific focus on accurate

estimation of stored and dissipated energies. The specific form of the constitutive rela-

tionship can be derived by assuming proper mathematical forms, depending on the

material type, for the Helmholtz free energy and the rate of the energy dissipation

function.

7.6.3 Incorporation of microdamage healing in constitutive
relationships

This section briefly presents the constitutive relationships that were developed by the

authors and their collaborators and that were implemented in a finite element (FE)

package referred to as PANDA, an acronym for Pavement Analysis using Nonlinear

Damage Approach, in order to illustrate the significance of including microdamage

healing effects to accurately predict the response of asphalt concrete. Readers are

referred to the related publications on PANDA for more details (Huang, 2008; Abu

Al-Rub et al., 2010; Darabi et al., 2011, 2012a,b,c, 2013; Abu Al-Rub and Darabi,

2012; Rahmani et al., 2013; Shakiba et al., 2013).

The continuum damage-healing mechanics framework (Darabi et al., 2012a),

which is an extension of continuum damage mechanics (CDM) (Kachanov, 1958)
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theories for materials with healing potential, was used to couple damage and healing

with other mechanisms occurring in asphalt concrete. This framework presents the

stress tensor in the healing space and relates it to the nominal stress tensor as a function

of damage and healing variables, such that

sij ¼ sij
1�feff

; feff ¼f 1�hð Þ (7.27)

where the superscript “�” designates the healing space, f is the damage density, and

h is themicrodamage healing variable. This framework facilitates the coupling of dam-

age and healing with the time-dependent viscoelastic (i.e., recoverable part of defor-

mation) and viscoplastic (i.e., irrecoverable part of deformation) response of asphalt

concrete. Schapery’s (1969) nonlinear viscoelastic constitutive relationship is imple-

mented in PANDA to describe the nonlinear viscoelastic response of asphalt concrete,

such that

enve, tij ¼ g0 stij, T
t

� �
D0stij + g1 stij, T

t
� �ðt

0

DD ct�ctð Þ
d g2 stij, T

t
� �

stij
� �

dt
dt

(7.28)

where D0 is the instantaneous compliance; DD is the transient compliance; g0, g1, and
g2 are nonlinear parameters; and the term ct is the reduced time in which the temper-

ature effect is incorporated.

PANDA uses the Perzyna-type hardening viscoplastic constitutive relationship as

outlined in Masad et al. (2005), Tashman et al. (2005), and Huang et al. (2011), along

with the hardening-relaxation viscoplasticity introduced by Darabi et al. (2012c)

to describe permanent deformation of asphalt concrete materials. The evolution of

the viscoplastic strain _evpij using the Perzyna-type constitutive relationship can be

written as

_e
vp

ij ¼Gvp Tð Þ F fð Þh iN @g

@sij
; f ¼ tvp�aI1�k pð Þ (7.29)

where Gvp is the viscoplastic fluidity parameter such that 1/Gvp represents the visco-

plasticity relaxation time, N is the viscoplastic rate sensitivity exponent, F is the

overstress function, f is the yield surface, g is the plastic potential, a is a material

parameter related to the material’s internal friction, and k(p) is the isotropic hardening
function. To address the limitations of the classical hardening viscoplasticity theories

and enable PANDA to accurately predict the response of asphalt concrete subjected to

cyclic loading, Darabi et al. (2012c) introduced the concept of the hardening-

relaxation memory surface and proposed an evolution function for the rate of

hardening.

The damage constitutive relationship proposed by Darabi et al. (2013) is imple-

mented in PANDA, such that
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_f¼Gvd Tð Þ Y

Y0


 �q

eeffð Þk (7.30)

whereGvd is the viscodamage fluidity parameter; Y0 is the reference damage force that

can be assumed to be unity; k is a material parameter; and eeff is the effective total

strain, defined as eeff ¼ ffiffiffiffiffiffiffiffieijeij
p

. A modified Drucker–Prager function is assumed for

the damage force Y, such that

Y¼ tvd�aI1; tvd ¼
ffiffiffiffiffiffiffi
3J2

p
2

1 +
1

dvd
+ 1� 1

dvd

� �
3J3ffiffiffiffiffiffiffi
3J

3

2

q
2
64

3
75 (7.31)

The terms I1, J2, and J3 are stress invariants. The damage evolution function is sen-

sitive to the confinement level, distinguishes the damage evolution in extension and

contraction, and is sensitive to the mode of loading.

As mentioned in the previous section, accurate prediction of fatigue damage of

asphalt concrete requires the incorporation of both damage and microdamage healing

mechanisms. The microdamage-healing constitutive relationship implemented in

PANDA is postulated to reflect the fundamental mechanisms occurring during the

microdamage healing process, such that (Abu Al-Rub et al., 2010)

_h¼Gh Tð Þ 1�feffð Þb1 1�hð Þb2 (7.32)

where _h¼ dh=dt is the rate of the healing variable and Gh(T) is the healing fluidity

parameter that determines how fast the material heals, which is a function of tempera-

ture T. Equation (7.32) shows that at low damage density and at the beginning of the

healing process, that is, when h� 0, the microdamage healing variable has its maximum

growth rate, that is, _h�Gh. Therefore, Equation (7.32) suggests that the microdamage

healing variable initially evolves rapidly with the rate of Gh, and then the evolution rate

decreases as the healing variable increases. The fast initial evolution of the microdam-

age healing variable resembles the wetting process at the microscale. Abu Al-Rub et al.

(2010) showed that the microdamage-healing fluidity parameter Gh can be related to

fundamental properties of material, such as surface energy, viscoelastic properties,

and properties of the fracture process zone. As more diffusion occurs between crack

faces, the rate of time-dependent healing decreases, but the overall amount of healing

increases. This history dependency is represented by the last term in Equation (7.32).

7.6.4 Significance of microdamage healing in the cyclic
response of asphalt concrete

This subsection presents examples of results from repeated creep-recovery loading in

both tension and compression as well as the CDC loading in tension to demonstrate the

necessity of incorporating a viable microdamage-healing constitutive relationship to

accurately predict the c response of asphalt concrete under such loading scenarios.
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7.6.4.1 Significance of microdamage healing during cyclic
loading in both tension and compression

The material properties associated with the PANDA model were identified for a spe-

cific material by Darabi et al. (2012a). The viscoelastic, viscoplastic, and viscodam-

age material properties were used to predict independent (i.e., tests that were not used

for identification of material properties) repeated creep-recovery tests in both tension

and compression. Figure 7.17 shows the experimental results and model predictions

for repeated creep-recovery tests in compression and tension with the applied stress of

1500 and 300 kPa, respectively. The loading time and rest period in both tension and

compression was 60 and 1500 s, respectively. The test results for long resting times

were selected in order to provide enough time during the rest period for the induced

microcracks to heal.

As shown in Figure 7.17, the model without the microdamage healing component

predicted shorter fatigue life compared to experimental measurements. In other words,

the model predicted higher creep strains compared to experimental data. This effect is

due to the fact that the damage density in the viscodamage constitutive relationship is

irreversible; hence, it does not allow for damage recovery or healing during the rest

period. This subsection shows that including the microdamage healing component

significantly improves the ability to predict the cyclic creep-recovery response of

asphalt concrete. As shown in Figure 7.17a and b, when microdamage healing is

not incorporated, the model predicts failure after only six cycles. However, experi-

mental measurements and model predictions that include the aforementioned

microdamage-healing evolution function agree well that the material can indeed

sustain the load for many more loading cycles.

Another test (refer to Kim et al. (2008) for more information on the experimental

study) that was used to demonstrate the effect of microdamage healing is the CDC test

in tension (refer to Darabi et al. (2013) for details on data analysis to identify the

PANDA material properties). Once PANDA was calibrated, independent CDC tests

at different temperatures, displacement levels, and frequencies were used to
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Figure 7.17 Model predictions compared to experimental results of repeated creep-recovery tests

at T¼20 °C (a) in compression with the applied stress of 1500 kPa, loading time: 60 s, rest period:

1500 s; (b) in tension with the applied stress of 300 kPa, loading time: 60 s, rest period: 1500 s.
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investigate the significance of microdamage healing during a cyclic test in tension in

the absence of the rest period. As emphasized in this chapter, microdamage healing

can occur during the CDC test. The displacement input during CDC can be written as

D¼Dmax

2
�1 + cos 2p ftð Þ½ � (7.33)

where f is the frequency. The term Dmax is the displacement amplitude applied at the

end plates, such that Dmax/‘ can be considered as the amplitude of the average strain

applied to the specimen, with ‘ being the specimen height. The averaged linear

variable differential transformers’ (LVDTs’) strains should be considered as the input

strain for validation and simulation purposes because it measures the strain in the

middle of the specimen, where stress and strain can be assumed to be uniformly dis-

tributed. Figure 7.18a shows the LVDT strain input for the CDC test at 19 °Cwhen the
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Figure 7.18 Responses during the CDC test at 19 °C when the amplitude of the average strain

applied to the specimen is 1200me. (a) Average amplitude of the strain measured at LVDTs. (b)

Stress–strain response for the experimental measurements as compared to model predictions

using the VE–VP–VD model for cycles 1–50. (c) Stress–strain response for the experimental

measurements as compared to model predictions for cycles 2200–2250. (d) Measured and

predicted stress amplitudes. The microdamage healing model VE–VP–VD–H (where “H”

signifies consideration of healing) significantly enhances the prediction of the stress response,

stress amplitude, and the dissipated energy.
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amplitude of the average strain is 1200me. Figure 7.18b shows that the viscoelastic–

viscoplastic–viscodamage (VE–VP–VD) model predictions are in agreement with the

experimental measurements during the initial loading cycles. However, the coupled

VE–VP–VD significantly underestimates the stress output as the number of loading

cycles increases; see Figure 7.18c.

Model predictions using the viscodamage model predict premature failure for the

material, while the experimental measurements show that the material is capable of

sustaining loads for much longer time. As discussed before, this discrepancy is related

to the inability of the model to account for crack closure and the microdamage healing

during the cyclic strain-controlled tests. Figure 7.18c shows that the microdamage

healing model significantly enhances the prediction of the stress response as well

as the dissipated energy during the intermediate cycles. Figure 7.18d shows that

the model without microdamage healing underestimates the stress level and predicts

premature failure almost by a factor of four, while the model prediction with the

microdamage healing agrees well with experimental measurements.

The results shown in this subsection clearly demonstrate the inevitable need for

incorporation of microdamage healing effects in constitutive relationships in order

to accurately predict the fatigue damage response of asphalt concrete.

7.7 Future directions

Future directions that can be taken to better understand the process of healing and to

better utilize the benefits of healing can be separated into three general categories: (a)

fundamental properties and mechanisms that promote and accommodate healing, (b)

laboratory measurements of healing properties of mastics and/or mixtures that can be

used in constitutive models to evaluate the impact of healing, and (c) investigations of

mechanisms at the nano to macro scale that will enhance the healing process in situ.
Considerable improvement can be made in understanding and developing a model

of the process of healing. It is logical that healing of microcracks is aided by the ability

of the binder to flow across crack faces and wet crack surfaces, and models discussed

in this chapter support such a mechanism. However, the key surface free energy prop-

erties (Lifshitz-van der Waals and Lewis acid/base components) of the binder, which

have been shown to be keyed to chromatographic fractions of the asphalt binder

(Pauli, 2014), require more reliable methods of measurement, such that the values

of these parameters are true material properties and not test dependent. Pauli

(2014) states that healing is speculated to be influenced by variations in flow proper-
ties and compatibility amongst asphalts derived from different crude sources. More

work is required to quantify flow activation energies and their relationship to surface

free energy. Atomic force microscopy (AFM) has proven valuable in assessing the

impact of the microstructure of asphalt and the potential impact of asphalt phases

on performance. Allen et al. (2012) demonstrated substantial differences in the com-

pliance properties among at least three microstructural phases of asphalt binders.

Jahangir et al. (2015), using finite element modeling and AFM, showed stress con-

centrations that develop in interstitial regions among phases, and how such regions

238 Advances in Asphalt Materials



foster the development of phase separation (load-induced phase separation (LIPS)) in

regions of highest compliance that are the beginning of damage and therefore could be

where the process of healing begins. An understanding of how these zones can be the

locus of damage as well as healing can be enhanced by continued AFM and finite ele-

ment analyses.

Of course, factors such as oxidative aging and crystallization of oil components of

the asphalt binder (including crystallizing paraffin waxes and surface (of crack face)

structuring) and thermal stress buildup must impact the healing process. Extending

laboratory testing methods, such as those presented in this chapter to accommodate

laboratory protocols to mimic the aging and hardening processes and characterize

the resulting healing properties, would be a substantial step forward. Alternatively,

applying evolution functions such as those developed by Darabi et al. (2012a) and

Abu Al-Rub et al. (2013) for aging to adjust healing measurements may be an accept-

able solution, but will require extensive validation.

This chapter has illustrated several concepts that are important in order to promote

a significant impact of healing in the fatigue damage process. These are that healing is

most significant if rest periods occur before significant damage occurs, and that heal-

ing is a function of the length of the rest period and the ability of the binder to flow and

wet (temperature dependent). Therefore, modifications to asphalt mixtures to promote

healing and validation of their efficacy through file monitoring hold promise as a

means of extending the life of our asphalt pavement infrastructure.

References

Abu Al-Rub, R.K., Darabi, M.K., 2012. A thermodynamic framework for constitutive modeling

of time- and rate-dependent materials, part I: theory. Int. J. Plast. 34, 61–92.

AbuAl-Rub, R.K., Darabi,M.K., Little, D.N.,Masad, E.A., 2010. Amicro-damage healingmodel

that improves prediction of fatigue life in asphalt mixes. Int. J. Eng. Sci. 48, 966–990.

Abu Al-Rub, R.K., Darabi, M.K., Kim, S.M., Little, D.N., Glover, C.J., 2013. Mechanistic-

based constitutive modeling of aging in hot asphalt mixtures and its effect on the cracking

potential and fatigue life of asphalt pavements. Constr. Build. Mater. 41, 439–454.

Allen, R., Little, D., Bhasin, A., 2012. Structural characterization of micromechanical proper-

ties in asphalt using atomic force microscopy. J. Mater. Civ. Eng. 24 (10), 1317–1327.

Bhairampally, R.K., Lytton, R.L., Little, D.N., 2000. Numerical and graphical method to assess

permanent deformation potential for repeated compressive loading of asphalt mixtures.

Transport. Res. Rec. 1723, 150–158.

Bhasin, A., Little, D.N., Bommavaram, R., Vasconcelos, K.L., 2008. A framework to quantify

the effect of healing in bituminous materials using material properties. Int. J. Road Mater.

Pavement Design 9, 219–242.

Bhasin, A., Bommavaram, R., Greenfield, M.L., Little, D.N., 2011. Use of molecular dynamics

to investigate self-healing mechanisms in asphalt binders. J. Mater. Civil Eng.

23, 485–492.

Bommavaram, Reddy R., Bhasin, A., Little, D.N., 2009. Determining intrinsic healing proper-

ties of asphalt binders: role of dynamic shear rheometer. Transport. Res. Rec. 2126 (1),

47–54.

Damage healing in asphalt pavements 239

http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9000
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9000
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0040
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0040
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0040


Cardona, J.-M., Forest, S., Sievert, R., 1999. Towards a theory of second grade thermoelasticity.

Extracta Math. 14, 127–140.

Carpenter, S.H., Shen, S., 2006. A dissipated energy approach to study HMA healing in fatigue.

In: 85th Annual Meeting of the Transportation Research Board, Washington, DC.

Coleman, B.D., 1964. On thermodynamics, strain impulses, and viscoelasticity. Arch. Ration

Mech. An. 17, 230–254.

Coleman, B.D., Noll, W., 1961. Foundations of linear viscoelasticity. Rev. Mod. Phys.

33, 239–249.

Daniel, J.S., Kim, Y.R., 2002. Development of a simplified fatigue test and analysis procedure

using a viscoelastic, continuum damage model. J. Assoc. Asphalt Paving Technol.

71, 619–650.

Darabi, M.K., Abu Al-Rub, R.K., Masad, E.A., Huang, C.-W., Little, D.N., 2011. A thermo–

viscoelastic–viscoplastic–viscodamage constitutive model for asphaltic materials. Int. J.

Solids Struct. 48, 191–207.

Darabi, M.K., Abu Al-Rub, R.K., Little, D.N., 2012a. A continuum damage mechanics frame-

work for modeling micro-damage healing. Int. J. Solids Struct. 49, 492–513.

Darabi, M.K., Abu Al-Rub, R.K., Masad, E.A., Little, D.N., 2012b. A thermodynamic frame-

work for constitutive modeling of time- and rate-dependent materials, part II: numerical

aspects and application to asphalt concrete. Int. J. Plast. 35, 67–99.

Darabi, M.K., Abu Al Rub, R.K., Masad, E., Huang, C.W., Little, D., 2012c. A modified vis-

coplastic model to predict the permanent deformation of asphaltic materials under cyclic-

compression loading at high temperatures. Int. J. Plast. 35, 100–134.

Darabi, M.K., Abu Al Rub, R.K., Masad, E., Little, D., 2013. Constitutive modeling of fatigue

damage response of asphalt concrete materials with consideration of micro-damage heal-

ing. Int. J. Solids Struct. 50, 2901–2913.

De Gennes, P.G., 1971. Reptation of a polymer chain in the presence of fixed obstacles.

J. Chem. Phys. 55 (2), 572–579.

Fremond, M., Nedjar, B., 1996. Damage, gradient of damage and principle of virtual power. Int.

J. Solids Struct. 33, 1083–1103.

Gurtin, M.E., 2003. On a framework for small-deformation viscoplasticity: free energy, micro-

forces, strain gradients. Int. J. Plast. 19, 47–90.

Huang, C.W., 2008. Development and numerical implementation of nonlinear viscoelastic-

viscoplastic model for asphalt materials. PhD dissertation, Texas A&M University.

Huang, C.W., Abu Al Rub, R.K., Masad, E.A., Little, D., Airey, G., 2011. Numerical imple-

mentation and validation of a nonlinear-viscoelastic and viscoplastic model for asphalt

concrete mixes. Int. J. Pavement Eng. 12, 433–447.

Hui, C.Y., Baney, J.M., Lin, Y.Y., 2001. Mechanics of the JKR (Johnson–Kendall–Roberts)

adhesion test. In: Mittal, K.L. (Ed.), In: Adhesion Measurement of Films and Coatings,

2, VSP, Boston, pp. 299–328.

Jahangir, R., Little, D., Bhasin, A., 2015. Evolution of asphalt binder microstructure due to ten-

sile loading determined using AFM and image analysis techniques. Int. J. Pavement Eng.

16, 337–349.

Jones, D.R., 1993. SHRP Material Reference library: asphalt cements: a concise data compli-

cation. Report No. SHRP-A-645.

Kachanov, L.M., 1958. On time to rupture in creep conditions (in Russian). Izv. AN SSSR. Otd.

Tekh. Nauk 8, 26–31.

Karki, P., Li, R., Bhasin, A., 2015. Quantifying overall damage and healing behavior of asphalt

materials using continuum damage approach. Int. J. Pavement Eng. 16 (4), 350–362.

Kessler, M.R., 2007. Self-healing: a new paradigm in materials design. Proc. Instit. Mech. Eng.

G J. Aerospace Eng. 221, 479–495.

240 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0060
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0060
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0070
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0070
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0070
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0075
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0075
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0080
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0080
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0080
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0085
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0085
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0085
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0090
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0090
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0090
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0095
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0095
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0100
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0100
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0105
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0105
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0110
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0110
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0110
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0115
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0115
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0115
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0120
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0120
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0120
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0125
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0125
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0130
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0130
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0135
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0135


Kim, Y.R., Little, D.N., Benson, F.C., 1990. Chemical and mechanical evaluation of healing

mechanisms in asphalt concrete. J. Asphalt Paving Technol. 59, 240–275.

Kim, R.Y., Lee, H.J., Little, D.N., 1998. Fundamental Properties of Asphalts and Modified

Asphalts, vol. 4. Texas A&M University, Texas, Final Report.

Kim, Y.R., Guddati, M.N., Underwood, B.S., Yun, T.Y., Subramanian, V., Savadatti, S., Thir-

unavukkarasu, S., 2008. Development of a multiaxia viscoelastoplastic continuum damage

model. Final report, DTFH61-05-RA-00108 Project.

Lee, H.J., Kim, Y.R., 1998. Viscoelastic continuum damage model of asphalt concrete with

healing. J. Eng. Mech. 124 (11), 1224–1232.

Lemaı̂tre, J., Chaboche, J.-L., 1990. Mechanics of Solid Materials. Cambridge University Press,

Cambridge, UK.

Little, D.N., Bhasin, A., 2007. Exploring mechanisms of healing in asphalt mixtures and quan-

tifying its impact. In: van der Zwaag, S. (Ed.), Self healing Materials. Springer, Dordrecht,

The Netherlands, pp. 205–218.

Little, D.N., Bhasin, A., Hefer, A., 2006. Final report for NCHRP RRD 316: using surface

energy measurements to select materials for asphalt pavement. Transportation Research

Board of the National Academies, Washington, DC, p. 196.

Little, D.N., Prapnnachari, S., 1991. Investigation of the microstructural mechanisms of relax-

ation and fracture healing in asphalt. Annual Report to the Air Force Office of Scientific

Research.

Little, D.N., Kim, Y.R., Benson, F.C., 1987. Investigation of the mechanism of healing in

asphalt. Report to the National Science Foundation, Texas A&M University, Texas.

Little, D.N., Lytton, R.L., Williams, A.D., Chen, C.W., 2001. Microdamage Healing in Asphalt

and Asphalt Concrete, Volume I: Microdamage and Microdamage Healing. Project sum-

mary report, DTFH61-92-C-00170, Texas Transportation Institution, College Station, TX,

Research Report 7229.

Lytton, R.L., Uzan, J., Fernando, E.G., Roque, R., Hiltunen, D., Stoffels, S.M., 1993. Develop-

ment and validation of performance prediction models and specifications for asphalt

binders and paving mixes. SHRP A-357 Project Report.

Masad, E., Tashman,L., Little,D., Zbib, H., 2005.Viscoplasticmodeling of asphaltmixeswith the

effects of anisotropy, damage and aggregate characteristics. Mech. Mater. 37, 1242–1256.

Maugin, G.A., Muschik, W., 1994. Thermodynamics with internal variables, part I. General

concepts. J. Non-Equilib. Thermo. 19, 217–249.

Maugis, D., Barquins, M., 1983. Adhesive contact of sectionally smooth-ended punches on elas-

tic half-spaces: theory and experiment. J. Phys. D. Appl. Phys. 16 (10), 1843–1874.

Miao, S., Wang, M.L., Schreyer, H.L., 1995. Constitutive models for healing of materials with

application to compaction of crushed rock-salt. J. Eng. Mech. 121, 1122–1129.

Muller, V.M., Yushchenko, V.S., Derjaguin, B.V., 1979. On the influence of molecular forces

on the deformation of an elastic sphere and its sticking to a rigid plate. J. Colloid Interface

Sci. 77, 91–99.

Nishizawa, T., Shimeno, S., Sekiguchi, M., 1997. Fatigue analysis of asphalt pavements with

thick asphalt mixture layer. In: 8th Inernational Conference on Asphalt Pavements, Seattle,

Washington, pp. 969–976.

Palvadi, S., Bhasin, A., Little, D.N., 2012a. Method to quantify healing in asphalt composites by

continuum damage theory in fine aggregate asphalt specimen. In: 7th RILEM International

Conference on Cracking in Pavements, Delft, The Netherlands, pp. 1115–1123.

Palvadi, S., Bhasin, A., Motamed, A., Little, D.N., 2012b. Quantifying Healing based on

viscoelastic continuum damage theory in fine aggregate asphalt specimen. In: 7th

RILEM International Conference on Cracking in Pavement, Delft, the Netherlands,

pp. 1115–1123.

Damage healing in asphalt pavements 241

http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0140
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0140
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0145
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0145
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0150
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0150
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0155
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0155
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0160
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0160
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0160
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9005
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9005
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9005
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0165
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0165
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0170
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0170
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0170
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0170
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0175
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0175
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0180
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0180
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0185
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0185
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0190
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0190
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0195
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0195
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0195
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0200
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0200
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0200
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0205
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0205
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0205
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0210
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0210
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0210
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0210


Park, S.W., Kim, R.Y., Schapery, R.A., 1996. A viscoelastic continuum damgae model and its

application to uniaxial behavior of asphalt concrete. Mech. Mater. 24 (4), 241–255.

Pauli, A.T., 2014. Chemomechanics of damage accumulation and damage-recovery healing in

bituminous materials. Dissertation, Delft University of Technology, The Netherlands.

Petersen, J.C., 1984. Chemical composition of asphalts related to asphalt durability: state of the

art. Transportation Research Board No 999. pp. 13–30.

Prapnnachari, S., 1992. Investigation of the microstructural mechanism of relaxation in asphalt.

PhD dissertation, Texas A&M University.

Qiu, J., 2011. Self healing of asphalt mixtures towards a better understanding of the phenom-

enon. PhD dissertation, TU Delft.

Rad, F.Y., Sefidmazgi, N.R., Bahia, H., 2014. Application of diffusion mechanism. Transport.

Res. Rec. 2444 (1), 71–77.

Rahmani, E., Darabi, M.K., AbuAl-Rub, R.K., Kassem, E., Masad, E., Little, D., 2013. Effect of

confinement pressure on the nonlinear-viscoelastic response of asphalt concrete at high

temperatures. Constr. Build. Mater. 47, 779–788.

Reinhardt, H.W., Jooss, M., 2003. Permeability and self-healing of cracked concrete as a func-

tion of temperature and crack width. Cem. Concr. Res 33, 981–985.

Schapery, R.A., 1969. Further Development of a Thermodynamic Constitutive Theory: Stress

Formulation. Purdue University, Purdue Research Foundation, Lafayette, IN.

Schapery, R.A., 1989. On the mechanics of crack closing and bonding in linear viscoelastic

media. Int. J. Fract. 39, 163–189.

Schmets, A.J.M., Kringos, N., Scarpas, A., Duif, C., Schitter, G., Pauli, T., 2009. First-principles

investigation of the multiple phases in bituminous materials: the case of asphaltene stack-

ing. Adv. Testing Charact. Bituminous Mater. 1, 143–150.

Shakiba,M., AbuAl Rub, R.K., Darabi, M.K., You, T.,Masad, E., Little, D., 2013. A continuum

coupled moisture-mechanical damage model for asphalt concrete. Transport. Res. Board

2372, 72–82.

Shan, L., Tan, Y., Underwood, S., Kim, Y., 2010. Application of thixotropy to analyze fatigue

and healing characteristics of asphalt binder. Transport. Res. Rec. 2179, 85–92.

Shell Pavement Design Manual, 1978. Shell International Petroleum Company Ltd., London.

Song, I., Little, D.N., Masad, E., Lytton, R., 2005. Comprehensive evaluation of damage in

asphalt mastics using x-ray ct, continuum mechanics, and micromechanics. J. Assoc.

Asphalt Paving Technol. 74, 885–920.

Tabatabaee, H., Bahia, H., 2014. Establishing use of asphalt binder cracking tests for prevention

of pavement cracking. Road Mater. Pavement Design 15, 279–299.

Tashman, L., Masad, E., Little, D., Zbib, H., 2005. A microstructure-based viscoplastic model

for asphalt concrete. Int. J. Plast. 21, 1659–1685.

Underwood, B.S., Kim, Y.R., Guddati, M.N., 2010. Improved calculation method of damage

parameter in viscoelasic continuum damage model. Int. J. Pavement Eng. 11 (6), 459–476.

Voyiadjis, G.Z., Shojaei, A., Li, G., 2011. A thermodynamic consistent damage and healing

model for self healing materials. Int. J. Plast. 27, 1025–1044.

Williams, D., Little, D.N., Lytton, R.L., Kim, Y.R., Kim, Y., 1998. Microdamage healing in

asphalt concrete, volume II: laboratory and field testing to assess and evaluate microdam-

age and microdamage healing. DTFH61-92-C-00170, Research Report 7229.

Wool, R.P., O’Connor, K.M., 1981. A theory of crack healing in polymers. J. Appl. Phys.

52 (10), 5953–5963.

Zhang, L., Greenfield, M.L., 2007. Analyzing properties of model asphalts usingmolecular sim-

ulation. Energy Fuel 21 (3), 1712–1716.

Ziegler, H., 1977. An Introduction to Thermodynamics. North-Holland Pub. Co., Amesterdam.

242 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0215
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0215
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9010
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf9010
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0220
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0220
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0220
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0225
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0225
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0230
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0230
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0235
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0235
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0240
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0240
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0240
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0245
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0245
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0245
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0250
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0250
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0255
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0255
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0255
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0260
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0260
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0265
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0265
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0270
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0270
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0275
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0275
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0280
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0280
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0285
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0285
http://refhub.elsevier.com/B978-0-08-100269-8.00007-6/rf0290


8The fatigue cracking of asphalt

mixtures in tension and

compression

R.L. Lytton1, Y. Zhang2, X. Luo2, R. Luo2
1Texas A&M University, College Station, TX, USA; 2Texas A&M Transportation Institute,
College Station, TX, USA

8.1 Introduction

All properties of an asphalt mixture must be based upon the properties of the mixture

in an undamaged state. Subsequent tests of the mixture in different stress or strain

states at a level to cause damage can be referred to this undamaged state to assess the

degree to which the mixture has been changed. All forms of such change from an

original state by such damaging processes as fatigue, plasticity, healing, moisture

damage, and aging can only be properly assessed by comparison with an accurately

measured undamaged state. The properties addressed in this chapter are engineering

properties. In order to be useful to engineers, these properties must be measured with

tests that can be conducted quickly, accurately, and repeatably, with consistent

results. Moreover, the tests must measure true properties of the mixtures so that they

can be put into a catalog of typical properties that can be used by engineers in the

design of mixtures, pavements, and specifications for construction quality control

and assurance and for the prediction of the future performance of the pavement

as it is constructed. This chapter summarizes the results of the testing and

analysis methods developed to provide the engineering properties of asphalt mix-

tures in tension and compression (as expected, they are different) both in the unda-

maged and the damaged states. Five categories of mixture properties are

summarized here:

l Isotropic viscoelastic properties of asphalt mixtures in tension;
l Anisotropic viscoelastic properties of asphalt mixtures in compression;
l Permanent deformation of asphalt mixtures in compression;
l Fatigue, endurance limit, and healing of asphalt mixtures in tension;
l Fracture of asphalt mixtures in compression.

Under each heading, the objective and scope of the developments, the tests, ana-

lyses, models, and findings will be summarized. Under each topic, the reader will

be directed to the published works in which the details of each development can

be found.
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8.2 Isotropic viscoelastic properties of asphalt mixtures
in tension

The first test protocol to determine undamaged tensile properties of an asphalt mixture

was to determine the master curves of the complex modulus and phase angle of an

asphalt mixture. Figures 8.1 and 8.2 present the constructed master curves of the mag-

nitude and phase angle of the undamaged tensile complex modulus, respectively, at

the reference temperature of 20 °C.
The test protocol applied a uniaxial monotonically increasing tensile stress to the test

specimen.The relationship between the relaxationmodulus and the complexmoduluswas

used to determine the complex modulus as a complex function of frequency. The test and

dataanalysisprotocolwereperformedon the samespecimenat three temperatures, somas-

ter curves of the magnitude and phase angle of the complex modulus were constructed
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Figure 8.1 Master curve of magnitude of tensile complex modulus at 20 °C.
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using the time–temperature superposition principle. The master curves of the magnitude

andphase angleof the complexmoduluswere fittedwithmathematical functions thatwere

reported in the literature and were modified to be more comprehensive. As seen in

Figure 8.2, themaximum phase angle in tension rises to nearly 80°, which is considerably
greater than the maximum phase angle in compression. The test protocol requires only

10 min to complete at each temperature.

A second test protocolwas to determine the tensile properties of an asphaltmixture that

are undamaged under repeated loading. These are the properties that provide the baseline

fromwhich todetermine the amount of damage that is doneby repeated loading.The test is

a controlled-strain repeateddirect tension (RDT) test and it is useful both for characterizing

the viscoelastic properties of undamaged asphalt mixtures and, under damaging strain

levels, assessing fatigue cracking accompanied by plastic deformation. The strain curve

in a loading cycle of the controlled-strainRDT test is a standardHaversinewavewith only

a tensile portion, whereas the stress curve has a tensile portion and a compressive portion

(quasicompression) because of the viscoelastoplastic nature of the asphalt mixture. Usu-

ally, the material properties in the tensile stress portion (the tensile properties) are used,

while those in the compressive stress portion (the quasicompressive properties) are

neglected. This leads to nonnegligible errors in estimating the dissipated strain energy

(DSE) and characterizing the damage (such as cracking and permanent deformation) gen-

erated in thematerial.Theobjectiveof this testprotocol is toobtaincompletematerialprop-

erties and accurate amounts of dissipation and storage of energy of this test method as the

foundation of damage characterization. This protocol provides methods to simulate the

stressandstrain for the tensileandcompressivestressportions separatelysoas todetermine

the tensile and quasicompressive properties, respectively. The difference between the ten-

sile and quasicompressive properties is investigated using statistical analysis. It is found

that the tensile properties of an asphalt mixture are different from the quasicompressive

properties, due to the crack opening and closure within each loading cycle. The DSE cal-

culated using both the tensile and quasicompressive properties is larger compared to the

traditional method using only the tensile properties, indicating an underestimation of

the damage by the traditional method. In addition, the recoverable strain energy (RSE)

is investigated to examine the ability of an asphalt mixture to store and recover energy.

A new perspective in terms of the integration method is provided to determine the actual

amount of the RSE in a loading cycle.

The results of these tests conducted at a damaging level are discussed in a subse-

quent section on the fatigue, endurance limit, and healing of asphalt mixtures.

Details of the measurements that were made with both test protocols, the analysis

of the test data, and the resulting undamaged viscoelastic properties of a variety of

asphalt mixtures with different binders, air voids, and aging can be found in Luo

and Lytton (2010), Luo et al. (2013d), and Luo (2012).

8.3 Anisotropic viscoelastic properties of asphalt
mixtures in compression

An asphalt mixture in compression behaves distinctly differently from the same mix-

ture in tension for several reasons. Because of the orientation of the aggregates in the

mixture after compaction, with the long axis tending to lie flat, the undamaged
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properties of themixture in compression are anisotropic. Themixture responds viscoe-

lastically to imposed stresses and strains.When it is damaged by high levels of stress or

strain, it undergoes both plastic deformation and anisotropic cracking. As with the ten-

sile properties, it is necessary to measure the undamaged properties so as to determine

the amount of damage that is done by subsequently applied higher levels of stress or

strain. What has been developed is a very rapid, inexpensive, and simple method,

which is also an accurate method for measuring the undamaged properties. The details

of the measurements and the analysis of the test data that are produced are found in

Zhang (2012) and Zhang et al. (2011, 2012a).

The first part of the testing procedure is to use what has been termed the “hot

dog” test because it uses an actual hot dog cooker rotator to rotate a cylindrical

asphalt sample under a digital scanner, which records the outline of each aggregate

on the circumference of the cylindrical asphalt sample. This apparatus is illustrated

in Figure 8.3. Analysis of the exposed area, shape, and inclination of each aggre-

gate in the lateral scan produces a single number, which is a measure of the degree

of anisotropy. The measure is called the modified “vector magnitude” and ranges

from 0 for purely isotropic to 1.0 for purely anisotropic aggregate orientation. Most

asphalt mixtures fall between 0.2 and 0.5. This test requires approximately 3 min to

complete. Careful measurements of the modulus ratio between the stiffer axial

modulus and the less stiff radial modulus were correlated with this modified “vec-

tor magnitude,” with the result shown in Figure 8.4. The details of this test and the

relationship of the modified “vector magnitude” to the modulus ratio are found in

Zhang et al. (2011).

The second part of the testing procedure is to use a set of three test configurations: a

uniaxial creep test in compression, a uniaxial creep test in tension, and a diametrically

loaded indirect tension creep test. The sample is never subjected to a damaging level of

strain in any of the three test configurations. The tests are conducted as creep tests and

the data are analyzed aswith the undamaged tensile properties, using the Laplace trans-

form and the elastic–viscoelastic correspondence principle. The tests are run at three

temperatures, and the test results are analyzed together to produce the master curves of

Figure 8.3 Digital lateral scanner (i.e., hot-dog tester) of an asphalt mixture sample.
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the axial and radial compressive complex moduli and their complex Poisson’s ratios

and the axial tensile complex modulus. All of the complex moduli and complex

Poisson’s ratios are viscoelastic, and each has a magnitude and phase angle. Examples

of the master curves of the complex modulus magnitudes and phase angles determined

by this protocol are shown in Figures 8.5 and 8.6, respectively. As illustrated in the

figures, the magnitude of the radial compression modulus is always smaller than that

of the axial compressive modulus. The magnitude of the tensile modulus is closer to

that of the radial modulus at the lower frequencies of loading and is closer to the axial

modulus with the higher loading frequencies. Consistent with anisotropic elastic

theory, the magnitudes of the Poisson’s ratios exceeded 0.5 in the lower loading

frequencies. The maximum modulus phase angle in compression was around 40°,
and the maximum phase angle in tension was around 80°. The compression result is

in agreement with published results for compressive tests, and the tensile results are

in agreement with the results of the tensile tests noted above. New models (i.e., the

b-model) of the phase angles of the complex moduli and Poisson’s ratios as they vary

with frequency were developed to match the measured data. The details of the test

configurations and the master curves of the complex modulus magnitudes and phase

angles are found in Zhang et al. (2012a).
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8.4 Permanent deformation of asphalt mixtures
in compression

Extensive studies indicate that one of the main resources for rutting is the perma-

nent deformation developed in the asphalt mixture layers, which is primarily attrib-

uted to the irrecoverable shear deformation under heavy truck loads and a high

environmental temperature. To accurately model and predict the permanent defor-

mation occurring in the asphalt mixture layers, a variety of mechanistic models

based on viscoplasticity theories have been proposed and widely employed as con-

stitutive relations in the continuum mechanistic modeling. The continuum mech-

anistic models for asphalt mixtures have an advantage in their computational

simplicity; that is, the material responses such as permanent deformation can be

easily predicted once the model parameters are provided. However, some problems

exist in those models that impede their wide application. Several significant prob-

lems of the existing viscoplastic models for asphalt mixtures are presented in the

following.

First, the inherent anisotropy of asphalt mixtures has not been well addressed in

the constitutive modeling. Asphalt mixture is an inherently anisotropic viscoelastic

material, according to published discussions, which indicated that without consider-

ation of inherent anisotropy caused by the preferentially oriented granular particles

(e.g., soils, sands, and aggregates) in the constitutive formulation, some important

material properties such as noncoaxial and dilatant behaviors would not be

accounted for properly.

Second, in addition to considering the inherent anisotropy, the stress-induced

anisotropy should also be taken into account in the constitutive models of the asphalt

mixture. In fact, the anisotropic cracks that form due to the damaging levels of stress

are the cause of the stress-induced anisotropy. These cracks dominate the evolution of

the permanent deformation when the material has reached the peak of the stress–strain

curves, as well as in high stress levels and long loading periods. For instance, the

anisotropic viscofracture controls the properties of the asphalt mixture in the softening

stage after the peak stress in a strength test, and in the tertiary flow stage in a repeated

destructive stress test.

Third, a nonassociated viscoplastic flow rule must be used in the viscoplastic model

of the asphalt mixture. The nonassociated flow rule indicates that the direction of the

incremental viscoplastic strain is not parallel to the direction of the incremental stress.

Many studies have indicated that the viscoplastic deformation of asphalt mixtures and

granular materials in general is nonassociated, and an associated flow rule (directions

are the same for incremental strain and stress) overestimates the dilation of the asphalt

mixture. Thus, it is very important to accurately determine the viscoplastic potential

that has a different inclination and orientation than the viscoplastic yield surface

because of the nonassociated flow rule.

Fourth, a comprehensive viscoplastic yield surface must be proposed to provide a

yield function for an asphalt mixture that satisfies both mechanical and mathematical

requirements. The mechanistic requirements for the yield surface must include:
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(1) The differences between compression, tension, and extension;

(2) Material cohesion and internal friction;

(3) Dilation and strain hardening mechanism;

(4) The temperature and strain rate dependence.

The mathematical requirements for the yield surface include:

(1) A smooth yield function;

(2) A convex yield function.

The shortcomings of the existing yield surface models for asphalt mixtures are pre-

sented in detail in Zhang (2012) and Zhang et al. (2013a). Zhang (2012) also proposes

a comprehensive viscoplastic yield surface that satisfies all of the requirements, and

presents the data that proves it.

In order to develop a model that fulfills all of the mechanical and mathematical

requirements, a modified effective stress method was adopted to integrate both the

inherent anisotropy and the stress-induced anisotropy in the viscoplastic constitutive

model. Next, an extended Perzyna-type viscoplastic constitutive model was devel-

oped to incorporate the comprehensive yield surface described above. Laboratory

experiments were used to determine the model parameters for a variety of asphalt

binders, air voids, and levels of aging of the mixtures tested. The tests proved to

be simple to use as well as rapid, accurate, and repeatable. The results of analyzing

the test data showed that the model properties that can be determined with this

approach overcome the shortcomings of the existing models.

More specifically, the model that was developed and validated is a generalized

Drucker–Prager (GD–P) viscoplastic yield surface model for asphalt mixtures, in

which a smooth and convex octahedral yield surface function was developed to char-

acterize the full range of the internal friction angles from 0° to 90°. By way of contrast,
the widely used extended Drucker–Prager (ED–P) yield function was demonstrated to

be applicable only for a material that has an internal friction angle less than 22°, due to
the convexity criterion of the yield surface. All of the asphalt mixtures tested had fric-

tion angles greater than 30°. The GD–P model was formulated based on fabric tensor

modified stresses to consider the inherent anisotropy of asphalt mixtures that is due to

inclined aggregates. Lab tests proved that permanent deformation using existing

models will be underestimated without considering material anisotropy and convexity

of yield surface. Permanent deformation is used to predict the rut depth, and this is

largely related to wet weather accident rates. Consequently, an underprediction of

the amount of permanent deformation is on the unsafe side.

Because of the approach taken with the material testing, it was possible to make the

measurements and analyze the results to produce material properties in a very short

time. Table 8.1 shows the time required for each of the tests that will completely char-

acterize the properties of an asphalt mixture in compression. It must be emphasized

that despite the comprehensive nature of the material properties that can be generated

by these simple tests, they can all be conducted in the span of 1 day.

The total strains that are generated in the destructive repeated compressive load test

are the simultaneous accumulation of five different types of strain: elastic, plastic,
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viscoelastic, viscoplastic, and viscofracture. Making maximum use of the concept of

pseudostrain and defining the reference modulus as the Young’s modulus of the mate-

rial, this approach has developed a unique and very useful method of separating the

strains from one another at all times during the testing process. Separating the strains

has the formal name of “strain decomposition.” A detailed description of the process

of strain decomposition, the reasoning behind it, and some data illustrative of it are

shown in Zhang et al. (2012b, 2013b, 2014). Figure 8.7 illustrates the typical results

of the axial strain decomposition.

The strain superscripts T, ve, vp, and vf indicate the total, viscoelastic, viscoplastic,

and viscofracture strains, respectively. It is noted that the elastic and plastic strains

were combined into viscoelastic and viscoplastic strains, respectively. Because of

the anisotropic nature of an asphalt mixture in compression, a similar strain decom-

position process must be done in the radial direction in a cylindrical test specimen as

well. There are three phases in the destructive compression testing of an asphalt

mixture. Phase I is when the strain is rapidly increasing at the beginning of the test;

Table 8.1 Testing methods and outcomes for compressive
viscoplastic permanent deformation and viscofracture fatigue
characterization and required testing time

Material

properties Test methods

Time

required

for

testing Test outcomes

Anisotropy Lateral surface

scanning “hot

dog” test

<5 min Vector magnitude

Viscoelasticity Compressive/

tensile creep test

<5 min Anisotropic

Indirect tensile

creep test

<5 min Creep compliance, relaxation

modulus, complex modulus,

complex Poisson’s ratioNondestructive

repeated

compressive load

test

�20 min

Viscoplasticity

and

viscofracture

Uniaxial/triaxial

compressive

strength tests

<10 min Yield strength

Strain hardening

Temperature and rate factors
Destructive

repeated

compressive load

test

�2 h Damage density

Paris’ law parameters
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Phase II is when the strain is increasing at a steady rate; and Phase III begins at the

so-called flow point where the viscofracture strain begins to grow. The “flow point”

in Figure 8.7 is at around 1000 load repetitions. Figure 8.7 also illustrates another

important point: most of the total strain is made up of the viscoelastic strain.

The use of the pseudostrain concept also permitted a simple determination of the

cohesive shear strength, C; the internal friction angle, ’; and the two yield function

parameters, a and k0, based on the straight-line portion of the stress versus pseudo-

strain graph, as illustrated in Figure 8.8. Beyond the initial yield point, the strain-

hardening function (from the initial yield point to the ultimate yield strength) and

the strain softening function (beyond the ultimate yield strength point) parameters

can be found. “Strain softening” is explained entirely by the viscofracture that occurs

beyond the ultimate yield strength. The ultimate yield strength occurs at the “flow

point.” All of these relations become very clear when the stress is plotted versus

the pseudostrain. The slope of the initial portion of the stress–pseudostrain curve is

the Young’s modulus.

The clarity provided by the pseudostrain concept carries over into the formulation

of the yield function, a detailed description of which is provided in Zhang (2012).

Figure 8.9 shows the trace of the yield function on the octahedral plane for the entire
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range of internal friction angles, from 0° to 90°, that can be represented by the new

GD–P yield function. The factor “d” shown in the figure is the ratio of the yield stress
in extension to the yield stress in compression. The 0° yield function is for a purely

cohesive material, and the GD–P model is reduced to a Drucker–Prager model.

The detailed data that are presented in Figure 8.10 are an illustration of the supe-

riority of this new formulation of the GD–P yield function over the ED–P yield func-

tion. As noted above, the new GD–P is capable of retaining a convex yield surface for

all possible values of the friction angle. In contrast, the ED–P yield function becomes

concave at and above friction angles of 22°, thus violating one of the mathematical

requirements of a valid yield function. The dotted line in the figure is the widely used

ED–P yield function, and is plotted using the measured friction angles of this asphalt

mixture of 46°with a 4% air void content. The ED–P yield function is clearly concave

and predicts a yield stress that is larger than the measured values of the yield stress.

This is what leads to an underestimate of the amount of permanent deformation and

thus rutting by the ED–P yield function. In contrast, the solid line is the yield function

from the new GD–P yield function, which is not only convex but also correctly pre-

dicts the values of the yield stress. This will lead to larger and more realistic predic-

tions of permanent deformation and rutting. Because this prediction is directly related

to wet weather accident rates, the use of the more accurate method is desirable.

The model of permanent deformation in compression that has been developed sat-

isfies all of the mechanical and mathematical requirements that were listed at the
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predictions from the proposed generalized Drucker–Prager (GD–P) model and the existing

extended Drucker–Prager (ED–P) model for asphalt mixtures with 4% air void content.
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beginning of this section on permanent deformation. In the process, a new and very

simple method has been developed to determine the anisotropic characteristics of

asphalt mixtures: a strain decomposition method has been formulated and used show-

ing the simplicity and accuracy that can be achieved by making maximum use of the

pseudostrain concept, and a new GD–P yield function and its corresponding nonasso-

ciated plastic potential function have been proposed and proven by actual measure-

ment to overcome the shortcomings of the widely used ED–P yield function.

Perhaps most significant of all, from a practical point of view, is the short time

required to complete all of the testing that is needed to generate all of these material

properties, as spelled out in Table 8.1. Everything can be completed in 1 day!

8.5 Fatigue, endurance limit, and healing of asphalt
mixtures

Fatigue in asphalt mixtures occurs because of the growth of cracks in the mixture. The

cracks begin as air voids that have been compressed during the compaction process, and

as microcompositional flaws in the binder, which are commonly known as “bee” struc-

tures. It is from these damaged nuclei that the cracks will begin to grow. Crack growth

can occur as both adhesive and cohesive fractures within the same mixture. Adhesive

fracture occurs in the thin films of binder that coat the aggregates in a mixture. In

adhesive fracture, cracks grow along the interface between the aggregate and the binder.

Cohesive fracture occurs entirely within the binder in the thicker films. Moisture

damage to an asphalt mixture is principally an adhesive crack at the interface on which

moisture has intruded and has debonded the asphalt from the aggregate surface.

8.5.1 Energy-based mechanistic approach

The method used to predict the fatigue of asphalt mixtures summarized here is called

the energy-based mechanistic (EBM) approach, and it is explained in more detail in

Luo et al. (2013a,b,c, 2014). It is a purely mechanical approach based on a continuum

concept called distributed continuum fracture (DCF), and simple mechanical princi-

ples (force equilibrium and energy balance). The DCF is developed especially to

model the evolution of a multitude of randomly distributed air void or crack systems

in asphalt mixtures. It is impracticable and unnecessary to simulate chaotic air void or

crack systems by their exact structures and compositions. Instead, the DCF is built

making use of some concepts of the continuum damage mechanics (CDM) to maintain

the advantages of simplicity and effectiveness. It further introduces a direct descrip-

tion of damage evolution in terms of evolving cracks for greater accuracy and effi-

ciency in damage characterization. Two characteristic variables are adopted in the

DCF: (1) one characteristic variable is to measure the size of air voids or cracks, called

average air void size or average crack size, which is defined based on an equal energy

consumption principle and (2) the other characteristic variable is to represent the

actual mechanical responses of the intact material due to damage, called true stress

for cracking and true internal stress for healing.
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In the EBM approach, the undamaged properties of a mixture remain unchanged as

the cracks grow. What does change as the damage increases are the “apparent prop-

erties,” which are derived directly from the measurements that are made on the sample

that is being loaded repeatedly. The relations between the “apparent properties” and

the undamaged properties are formulated as balance equations in which the apparent

forces and energies are equated to the “true” forces and energies. Using these balance

equations and the undamaged properties of the mixture, it is possible to determine the

true stress in the material, which changes as the damage increases. As an illustration of

this approach, the relationship between apparent and true stress is given below

Force balance between apparent configuration and true configuration

P¼ sAA¼ sT A�Sð Þ, (8.1)

where sA is the apparent stress, sT is the “true” stress, A is the full cross-sectional area,

and S is the cross-sectional area that is lost due to the presence of cracks or voids.

The apparent stress is calculated from the total load divided by the total cross-

sectional area, whereas the true stress is the total load divided by the total area minus

the “lost area” due to the cracks or air voids in the cross section. The true stress is a

continuum stress, that is, it is a mean stress averaged over the cross section of a repre-

sentative volume element. This true stress is only slightly larger than the apparent stress,

because the ratio of the cracked area to the total cross-sectional area rarely exceeds 25%

when the material is considered to have failed in a beam fatigue test. The ratio of the lost

area to the total cross-sectional area is called the “damage density.”

The same reasoning is used with the energy balance equations: the apparent energy

as measured is equated with the true energy, which is calculated using the undamaged

properties of the intact cross section. There are several energy balance equations that

are used in characterizing the fatigue properties of an asphalt mixture: DSE balance,

RSE balance, dissipated pseudostrain energy (DPSE) balance, and recoverable pseu-

dostrain energy (RPSE) balance. Details of these energy balance equations can be

found in Luo et al. (2013a,b, 2014). Using all of the force and energy balance equa-

tions together gives a sufficient number of equations to successfully determine the true

stress and damage density as well as the number and mean radius of the cracks that

make up the damage density with each load repetition.

In order for all of these to be calculated with each load repetition, it is absolutely

necessary to adhere to a consistent and rigorous use of the pseudostrain concept. The

essential aspect in determining the pseudostrain is to identify the reference state, in

which the material properties (such as modulus and phase angle) are used to calculate

the pseudostrain. The reference state is illustrated in Figure 8.11 with the aid of a typ-

ical stress–strain curve under tension. As the strain level increases, the material passes

through the linear viscoelastic phase, and then the nonlinear viscoelastic phase, and
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then the damaged phase. The threshold between the nonlinear viscoelastic phase and

the damaged phase is the critical nonlinear viscoelastic point, or endurance limit for

fatigue. The difference between the linear and nonlinear phases is that in the linear

phase, all energy that is put into the mixture is recovered, whereas in the nonlinear

phase, there is a loss or dissipation of energy. Beyond the endurance limit, the material

properties of the mixture begin to change: the apparent modulus decreases and the

apparent phase angle increases. If the state of the stress and strain in the mixture is

exactly at the endurance limit, cracks are not growing, but energy is being dissipated

and most of the energy is recovered. It is the pseudostrain energy balance at the endur-

ance limit that allows the bond energy to be measured directly.

8.5.2 Characterization of fatigue damage

The traditional two phases of crack growth (i.e., crack initiation and crack propaga-

tion) are actually parts of a single process that has three recognizable phases: forma-

tive, coalescent, and unitary. All three phases are governed by the same crack growth

rule: a modified form of Paris’ law. The three phases are illustrated in Figure 8.12. The

“formative” phase starts with the air voids as the initial flaws from which the cracks

begin to grow. As the damage density and true stress increase, the larger “bee” struc-

tures are fractured and join the air voids as locations from which these cracks can

grow. The formative phase ends when the larger cracks begin to merge with the smal-

ler ones and reduce the total number of cracks.

In the “coalescent” phase, the larger cracks continue to incorporate the smaller

cracks and reduce the total number of cracks that are growing. Finally, when the num-

ber of cracks has coalesced into a single crack, the crack growth enters the “unitary”

phase. All three phases are governed by a modified form of Paris’ law, which is (Luo

et al., 2013c):
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Figure 8.11 Typical stress–strain curve of an asphalt mixture in tension.
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Pseudo J-integral Paris’ law in terms of damage density

df
dN

¼A¢ DJRð Þn¢, (8.2)

where f is the damage density, N is the number of load cycles, △JR is the pseudo J-
integral, and A¢ and n¢ are the modified Paris’ law parameters. In the first two phases of

crack growth, formative and coalescent, the damage density is given by

Definition of damage density

f¼mpc2

A
, (8.3)

wherem is the number of cracks and c is the mean crack radius. As with the true stress,

the number of cracks and the mean crack radius are both continuum properties because

they are averages within a representative volume element. When the crack is in the

unitary phase of crack growth, the damage density is defined as
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Figure 8.12 Three phases of crack growth.
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Damage density in the unitary phase of crack growth

f¼pc2

A
, (8.4)

where c is the current radius of the crack. All three phases are predicted with the same

modified Paris’ law parameters, A¢ and n¢. Thus, by using the damage density as the

focus of the modified Paris’ law, there is no need to partition the crack growth into two

distinct phases, initiation and propagation, each of which requires its own set of frac-

ture properties.

Fatigue cracks grow under tensile, shear, and compressive stresses. Thermal and

shrinkage stresses are tensile; traffic imposes all three types of stresses. Paris’ law

parameters have been developed for both tension and compression repeated loadings.

The innovative testing and data analysis protocols that were developed and are

reported here are capable of completely characterizing an asphalt mixture in 1 day,

including the full master curves of the complex moduli and Poisson’s ratios and

the fatigue and healing properties in both tension and compression.

Fatigue cracking and permanent deformation develop simultaneously in asphalt

mixtures under repeated destructive loading, regardless of temperature. Because these

two distinctly different damage mechanisms always occur together, it is not possible

to obtain pure cracking damage or pure permanent deformation damage in any asphalt

mixture by varying the temperature or loading level. The EBM approach proposed

here is able to separate fatigue cracking from permanent deformation in terms of

energy consumption (Luo et al., 2013a). Specifically, the DPSE expended on cracking

is separated from that expended on permanent deformation. Examples of this showing

the relative amounts of DPSE that are available to cause fracture and permanent defor-

mation separately are shown in Luo et al. (2014).

Controlled-strain RDT tests (Luo et al., 2013d) are performed on asphalt mixture

specimens to determine their nondestructive properties, critical nonlinear viscoelastic

properties, and destructive properties. The RDT test is a constant strain test that is

made at several different strain levels: undamaged and damaged. The tests that are

made in the undamaged strain levels provide the benchmark undamaged properties

of the mixture (i.e., critical nonlinear viscoelastic point). The tests that are made in

the damaged strain levels determine the amount of damage, that is, the departure from

the undamaged condition that has been done with repeated loads. The total DPSE,

which is the amount of energy dissipated for the fatigue damage, including both

fatigue cracking and permanent deformation, is calculated based on the critical non-

linear viscoelastic properties in order to separate both linear and nonlinear viscoelastic

effects from the strain energy that is available to cause damage.

Figure 8.13 illustrates typical results of the contrast between apparent and true

stress and the characteristic damage densities measured in the RDT tests for two

asphalt mixtures, one with an initial air void content of 4% (Type 1) and the other
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having an initial air void content of 7% (Type 2). There is a tensile portion and a com-

pressive portion within each cycle of the RDT test, and the apparent stresses in each

portion are shown in Figure 8.13a. Both apparent stresses appear to decrease with

increasing loading cycles. However, taking into account the growth of the cross-

sectional area of cracks under repeated destructive loading, the true stress actually

increases.

Figure 8.13b shows the increase of damage density in both mixtures with increas-

ing numbers of destructive loading cycles. The average crack size with increasing

loading cycles is shown in Figure 8.13c, and the number of such cracks is shown

in Figure 8.13d. All of these are calculated directly from the data that are measured

with each loading cycle while using the true stress and energy balance concepts

described above.

By applying themodified Paris’ law to the data of damage density versus number of

load cycles such as in Figure 8.13b, the modified Paris’ law coefficient, A¢, and its

exponent, n¢, can be determined. There is a unique linear relationship between the

log A¢ and n¢, as shown in Figure 8.14. All of this is explained and illustrated in detail
in Luo et al. (2013c). In that reference, the influence of different binders, air voids, and

aging on the fracture of asphalt mixtures is demonstrated and explained. In addition,

the measured material properties that govern the rate of crack growth are tabulated.
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Figure 8.13 Primary results of fatigue characterization of asphalt mixtures. (a) True and
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8.5.3 Characterization of healing and recovery

Healing occurs when the load is removed and the material is allowed to rest. There-

fore, healing usually accompanies the recovery of a material. Recovery of a material

refers to a process in which the deformed material reduces its stored energy and

restores its deformation after the load is removed. In all previous fatigue studies, major

attention has been paid to the loading phase of a material, while much less attention

has been paid to the unloading phase, or the recovery phase. Even though there is some

literature addressing this issue, the testing and analysis methods are empirical or phe-

nomenological, which emphasize correlation and not causation. This shortcoming is

overcome using the internal stress.

The internal stress is the key to deriving the true mechanical properties in the recov-

ery phase because it is the principal driving force for the recovery. A creep and step-

loading recovery (CSR) test is developed in Luo et al. (2013e) to directly measure the

internal stress during the recovery of an asphalt mixture specimen. The internal stress

measured by the CSR test is used to define a new type of material property: the recov-

ery modulus, which is an indicator of the material’s capability to recover. The char-

acteristics of the recovery modulus are presented in Luo (2012) in terms of different

loading levels, mixture compositions, temperatures, and aging periods, respectively.

From amechanical point of view, two driving forces promote healing of asphalt mix-

tures: internal stresses that push the crack closed, and the attraction of the two crack faces

for one another. The stronger of these two are the internal stresses.With themeasurement

of the internal stresses, the EBMapproach developed to characterize fatigue damage and

model crack growth is applicable tomodel healing aswell. TheDCF is still used tomodel

amultitudeof randomlydistributed air voidor crack systems in asphaltmixtures.The two

basic mechanical principles (force equilibrium and energy balance) are used to connect
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Figure 8.14 Relationship between modified Paris’ law A¢ and n¢ for unaged and aged mixtures

in tension.
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the true responses of the intact material to the apparent measurements on the bulk spec-

imen, which consists of the intact material and distributed air voids or cracks. Due to the

presence of healing in asphalt mixtures, the measured stress and strain of the bulk spec-

imen are different from the true stress and strain of the intact material. The stress, strain,

and energy of the bulk specimen are defined as “apparent stress,” “apparent strain,” and

“apparent energy,” respectively, which are measured from the test data. In contrast, the

stress, strain, and energy of the intact material are defined as “true stress,” “true strain,”

and “true energy,” respectively. The apparent energy and true energy obey the energy

balance equations, including the DSE balance equation, RSE balance equation, DPSE

balance equation, and RPSE balance equation. Details of the formulations and how to

use these equations to model healing in presented in Luo (2012).

Figure 8.15a illustrates typical results of the contrast between apparent and true stres-

ses in aCSRtest.The truecreep stressand true internal stressare larger than their apparent

counterparts. Figure 8.15b shows the change of the damage density of two different

asphaltmixturesduring the creepphase and the recoveryphase.Using the energybalance

equations in the EBMapproach, the reduction of the damage density is quantified during

the recovery phase and the healing curve is generated based on the percent reduction of

the damage density. The healing curve is defined as the normalized extent of healing ver-

sus the rest time. The normalized extent of healing is defined in the following way:

Definition of healing in terms of damage density

h¼ ffc�fi

ffc�f0

, h2 0,100%½ �, (8.5)

where h is the normalized extent of healing; ffc is the initial damage density before

healing starts or, equivalently, the final damage density at the end of the creep phase;

fi is the damage density at any data point i during the recovery phase; and f0 is the

initial damage density, which equals the air void content. Figure 8.15c and d presents

some examples of the healing curves, which illustrate the principal characteristics of

the healing process.

Figure 8.15c andd shows that healing is slower in an agedmixture and in amixturewith

higher air void content. Not shown in the figure is the observed fact that the mixtures heal

faster at high temperatures. Initial and final healing rates depend upon the relative mag-

nitudes of the nonpolar and polar bond energies of the asphalt mixture. The initial rate

depends inversely upon the nonpolar bond energy, and the final rate depends directly upon

the polar component of the bond energy. There are wide ranges of the amount of healing

betweenmixtures. Because healing is the antifracture, it is amajor component of thewell-

known shift factor from laboratory fatigue to observed field fatigue lives. As shown in

Figure 8.15, the longer the rest period between traffic load applications, the more healing

canoccur and the longer the field fatigue life of thepavement. Figure 8.15 also shows that a

substantial amount of healing can occur in a matter of a few minutes.

Perhaps themost significantpractical featureofapplying these tests for fracture,healing,

and the endurance limit are that, aswith the compressive testing, the entire characterization
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can be completed in 1 day. The testing times are very short, as seen in Table 8.2, requiring

only a matter of minutes for each test. The greatest amount of time that is required in the

whole process is the 2 h required to change the temperature of the sample.

8.6 Fracture of asphalt mixtures in compression

When a paving asphalt mixture is subjected to a destructive compressive load, it expe-

riences a sequence of three deformation stages: primary stage, secondary stage, and

tertiary stage. During the primary and secondary stages, permanent deformation
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(rutting) accumulates based on a strain (or work) hardening mechanism. The work

done by the repeated load accumulates energy in the asphalt mixture, which yields

a stiffer material. The asphalt mixture reaches a point at which it is so stiff that the

microcracks and voids start to grow and propagate to macrocracks in the tertiary stage.

This point is actually the initiation of the tertiary stage, and is defined as the flow num-

ber in the repeated load test or the flow time in the static creep test. The increase of the

crack size leads to the loss of the area of the intact material, which is the major reason

for the degradation of the modulus. The cracks that appear in the tertiary stage in turn

accelerate the development of permanent deformation and eventually reduce the ser-

vice life of pavements. In order to accurately predict the field performance of asphalt

pavements, there is a need to perform the fundamentally mechanistic modeling and

laboratory evaluation of the fracture that occurs in the tertiary stage of asphalt mix-

tures. This has been done and is reported in Zhang et al. (2013b, 2014).

The characteristics of fracture in tension and compression are distinctly different

for several reasons. The microstructure of asphalt mixtures in compression is

Table 8.2 Testing methods and outcomes for fatigue and healing
characterization

Test methods

Testing

procedure

Testing

time Test outcomes

Fatigue Controlled-

strain repeated

direct tension

(RDT) test

Three to four

nondestructive

tests at different

loading levels

3–4 min

for each

loading

level

Apparent and true

complex modulus

Endurance limit

Mixture bond

energy

One destructive

test

16 min Damage density,

average crack

size, and number

of cracks

Modified Paris’

law parameters

Ratio of cracking

to permanent

deformation

Healing Creep and step-

loading

recovery (CSR)

test

One

nondestructive test

3–4 min Apparent and true

creep compliance

Recoverymodulus

One destructive

test

3–4 min Damage density

and average crack

size

Healing curve and

healing rates
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anisotropic, which leads to different values of the Paris’ law parameters in the direc-

tions normal and parallel to the direction of compaction. The degree of the anisotropy

is determined by the size, shape, and orientation of the aggregate particles in the mix-

ture. The percentage of air voids is critical in the compressive fracture of asphalt mix-

tures. The low air void percentages such as those that develop in the wheel paths tend

to experience brittle-type fractures, which are principally vertical cracks. The higher

percentages of air voids experience ductile fractures, with the cracks forming along

nearly horizontal planes.

One of the interesting observations in the repeated loading compression testing is

that the flow number can be determined as the number of loading cycles at which the

apparent phase angle begins to grow. The data show conclusively that this flow point

is precisely the point at which the compressive cracks begin to grow and the visco-

fracture strains start to accumulate.

An asphalt mixture has a different cracking mode in compression than that in ten-

sion. It is well known that the cracks grow in the direction that is perpendicular to the

direction of stress in tension. To demonstrate the cracking mode of the asphalt mixture

in compression, some of the asphalt mixture specimens were painted on the lateral

surface by white plaster before the tests. Figure 8.16 shows the asphalt mixture spec-

imen after the destructive test. It can be seen from the figure that some of the cracks are

illustrated as splitting cracking, growing along the vertical direction that is the same

direction as the stresses, while some of the cracks are shown as diagonal cracks, prop-

agating in the diagonal directions.

Figure 8.16 An asphalt mixture specimen painted by white plaster on surfaces after destructive

test (showing that the cracks under compressive load tend to grow along the direction of the

external load).

Fatigue cracking of asphalt mixtures in tension and compression 265



Figure 8.17 shows the axial and radial damage densities for an asphalt mixture with

a 4% air void content, and Figure 8.18 shows the axial and radial damage densities for

an asphalt mixture with a 7% air void content. The symbols x1 and x2 in both

Figures 8.17 and 8.18 are the axial and radial damage densities, respectively. All

of these measures of cracking in both samples, including the axial and radial damage

density and the orientation of the cracks relative to the vertical axis, are calculated

from the measured data. It can be concluded that the asphalt mixture with 4% air void

content has a higher radial damage density and a lower axial damage density, while the

asphalt mixture with 7% air void content has a lower radial damage density and a

higher axial damage density. The same conclusion is found for all of the tested asphalt

mixtures that vary with two binders (Valero, NuStar), two air void contents (4%, 7%),

and three aging periods (0-, 3-, and 6-month 60 °C aged).

In fact, the asphalt mixture with the 4% air void content is stiffer than the asphalt

mixture with the 7% air void content and has more axial cracks during fracture, which

is called brittle fracture, and has a splitting cracking mode. The axial cracks have a

larger projection area on the circumferential surface, which yields a higher radial dam-

age density. In contrast, the asphalt mixture with the 7% air void content is relatively

soft and tends to have a ductile fracture, and has a diagonal cracking mode. The cracks

grow along the diagonal plane that is the plane of the maximum shear stress, which

yields a larger projection area on the horizontal cross section and eventually causes a

higher axial damage density. The low air void content of the mixture in Figure 8.17 is

typical of the condition that develops in the wheel path after the passage of multiple

tire loads. The anisotropic nature of the mixture combined with the low air void
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(showing brittle fracture with splitting cracks for relatively stiff asphalt mixtures).
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content induces a vertical crack in the wheel path. This is probably the origin of alli-

gator cracking and top-down cracking, which at its beginning is a low severity level

longitudinal crack in the wheel path.

The nature of these compressive cracks is anisotropic, with a different amount of

vertical and horizontal cracking depending on whether the mixture is behaving as a

brittle or a ductile material. Knowing the damage density in both the vertical and

the horizontal directions, the directional modified Paris’ law parameters can be deter-

mined exactly as with the tensile fatigue parameters. Figure 8.19 shows the graph of

both sets of axial and radial fracture parameters for a wide variety of mixtures, binders,

air void levels, and laboratory aging. The subscript 1 denotes the axial parameters, and

the subscript 2 indicates the radial parameters.

Once the material constants (Ai and ni) are determined, the evolution of the direc-

tional damage densities due to a variety of apparent traffic stress histories can be pre-

dicted. The objectives of this are to provide a mechanistic characterization method for

the damage modeling of the asphalt mixtures in the tertiary stage, and to provide a

method to determine the anisotropic damage densities, whether in a laboratory sample

or in an asphalt pavement. Based on the mechanistic analysis and the laboratory test-

ing on the fracture properties of asphalt mixtures in compression, the following find-

ings can be achieved:

(1) The asphalt mixture does fracture in the tertiary stage under a destructive compressive load.

The deformation caused by the formation and propagation of the cracks are viscofracture

strains, which are determined by the strain decomposition of the total measured axial strain.
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The axial and radial viscofracture strains are employed to determine the axial and radial

damage densities, based on CDM and geometric analysis of the cracks.

(2) The asphalt mixture with 4% air void content has more axial cracks during viscofracture,

which is a brittle fracture, and has a splitting cracking mode. The axial cracks have a larger

projection area on the circumferential surface, which yields a higher radial damage density.

In contrast, the asphalt mixture with 7% air void content is relatively soft and tends to have a

ductile fracture and a diagonal cracking mode. The cracks grow along a diagonal plane that

is the plane of the maximum shear stress, which yields a larger projection area on the hor-

izontal plane and eventually causes a higher axial damage density.

(3) The viscofracture properties of an asphalt mixture in compression are characterized by the

anisotropic damage densities and true stress. Both damage densities and true stress increase

with load cycles, which indicates that the extra plastic strain observed in the tertiary stage is

produced by an increase of true stress. Consequently, the permanent deformation is accel-

erated by the occurrence of cracks in the tertiary stage.

(4) Anisotropic Paris’ laws in terms of damage densities are employed to accurately character-

ize the evolution of the viscofracture of the asphalt mixtures in compression. The material

constants in Paris’ law are temperature independent and can be employed to predict the

fracture properties of the asphalt mixtures in compression.

8.7 Summary and conclusions

Several important developments are summarized in this chapter. This includes new,

rapid, and accurate methods to determine the undamaged properties of asphalt mixtures
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in both tension and compression. With these measurements, it is observed that the prop-

erties are distinctly different: in tension, the asphalt mixture is practically isotropic,

whereas in compression, the mixture is anisotropic with a modulus ratio that ranges

between 1.2 and 2.0. All of the moduli are viscoelastic and vary with frequency, but

the tensile modulus varies between the horizontal modulus at the low frequencies

and the vertical modulus at the high frequencies. The modulus phase angles peak at

around 40° for compressive moduli and at around 80° for tensile moduli. All of the

Poisson’s ratios are also viscoelastic, having both a magnitude and phase angle. The

compressive Poisson’s ratios, being anisotropic, have values that are greater than 0.5

at the lower frequencies. This is a result that is expected from anisotropic elastic theory.

Tensile fracture depends principally upon the undamaged tensile properties of the

mixture and on the adhesive and cohesive bond energies that are derived from the surface

energies of the binder and aggregates in the mixture. There is a uniquely linear relation-

ship between the Paris’ law exponent, n, and the log of the coefficient,A. Between appli-
cations of the tensile stress, residual compressive stresses form in the mixture, close the

cracks, and promote healing. A novel test method is described in the tensile fatigue

section of this chapter, which is capable of measuring these residual stresses, requiring

only a few minutes to complete the test sequence. Healing rates increase with higher

temperatures and decrease with aging, moisture, and increasing air voids. The healing

rates and the level of healing that can be achieved can be predicted reliably using original

undamaged properties, which include the tensile compliance and surface energies.

One of the interesting findings of the tension fatigue testing is that there is a strain

level above which cracks begin to grow and below which cracks will not grow. This

strain level can be found easily and experimentally in a matter of minutes. This strain

level varies slightly with the air voids, aging, and different binders, and is identified

and tabulated as the endurance limit for fatigue. Another interesting capability that

this approach provides is the ability to separate the amount of DPSE that goes into

cracking from that which is available for plastic deformation. This ability to show

how much of the dissipated energy that a given material channels into each of the

two major kinds of structural distress in asphalt pavements may prove decisive in

the selection of materials for pavement construction.

Permanent deformation of asphalt mixtures in compression can be characterized

with new, rapid, and accurate methods that are similar in concept to those that were

developed for the undamaged properties. The need for accuracy required several new

developments, which treated the asphalt mixtures as anisotropic and were able to sep-

arate with each load cycle several types of strain that occur simultaneously, including

elastic, plastic, viscoelastic, viscoplastic, and viscofracture strains. The strain decom-

position method that was developed is demonstrated in this chapter and explained in

the references. In addition, because of the high levels of internal friction angle that are

characteristic of asphalt mixtures, it was necessary to formulate a new plasticity yield

criterion, which has been termed the GD–P yield function. With this formulation, it is

possible to determine the temperature and strain rate dependence of the strain hard-

ening property of an asphalt mixture, which occurs after the material has yielded. The

testing for all of this can be accomplished in a single day. And the properties that are

measured can be tabulated and cataloged.
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The ability to separate the viscoplastic strain from the viscofracture strain that

occurs in the tertiary stage of compression testing made it possible to determine

the material properties that govern the growth of cracks in an anisotropic mixture.

It was found that the mixture can behave as a brittle or a ductile mix, depending

on the level of air void content of the mixture. The anisotropic fracture of a mixture

in compression with low air voids, such as those that occur in a wheel path after the

passage of much traffic, will act in a brittle way and generate a vertical crack in the

wheel path. This is commonly defined as the low severity level of alligator cracking.

The vertical and horizontal fracture properties are actual properties of the asphalt mix-

ture and are independent of temperature. They, too, can be tabulated and cataloged.

This chapter summarizes many developments, discoveries, new capabilities, and

surprises. Consistent with the principles of mechanics, the governing principles of

DCF and plasticity have been developed and applied to tensile fracture and healing

and anisotropic compressive plasticity and fracture of asphalt mixtures of different

compositions, stress levels, and exposure histories. All of these properties have impor-

tant implications for how these mixtures perform in actual service. The testing pro-

tocols and data reduction analyses that have emerged are simple, accurate,

repeatable, and quick. All of the undamaged and damaged properties of an asphalt

mixture can be determined by testing that is completed in 1 day. Both the tests and

the data reduction and analyses require standard testing equipment and readily avail-

able computer hardware and software.

The properties that are produced by these tests and analyses are actual properties of

these materials. They can be cataloged and used as a basis for comparison and selec-

tion of the best binder–aggregate combination and composition to use for a given

pavement project. The archived properties can also be used in design studies to select

the best pavement structure and asphalt–aggregate combinations for an extended ser-

vice life. These are the concepts, results, and products that provide the engineering

properties of asphalt mixtures that will make it possible to design mixes and pavement

structures and provide performance-based specifications.

8.8 Future trends

Space limitations have made it necessary to leave out several recent advances of the

ideas and principles that have been presented in this chapter. First, the genuine mate-

rial properties of asphalt mixtures determined in this chapter are very valuable in the

development of specifications, as they can be cataloged and, once measured, need not

be measured again except to verify that they have not changed. Second, the mechan-

ical principles developed in this chapter can be employed to predict the future perfor-

mance of the asphalt mixtures when they are placed in service under traffic and

weather. Accurate predictions of the expected values and variances of the future

development of fatigue in these asphalt mixtures will make possible and practical

performance-based specifications, warranties, and increasing use of the design-

build-operate-maintain contracts of roadway networks. Accurate predictions will
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provide realistic estimates of reliability and risk and make possible financing arrange-

ments that cannot be undertaken with present prediction methods. It will also make

possible optimal management of roadway networks to make better use of the available

funding for transportation. Third, applying the test results and mechanical models

shown in this chapter to computer prediction methods will make it possible to make

realistic evaluations of a mixture’s future fatigue and healing behavior and its resis-

tance to such material hazards as aging and moisture damage. It will be possible to

make adjustments to the mixture design before proposing a job mix formula, and

to identify the quality control/assurance testing that needs to be done in construction

to achieve the desired levels of reliability. Fourth, the use of the mechanical principles

summarized in this chapter and the resulting simplicity in testing and analysis will be

applied in the determination of how the properties of these mixtures and their com-

ponents will change with exposure in service. Using these same testing and analysis

principles, it will be possible to measure the rheological and aging activation energies

of mixtures rather than of the binders, as is done at present. Further, it will be possible

to determine how these properties will be altered with additives and modifiers, and

how they will deteriorate with exposure to moisture and solar radiation. Future devel-

opments will be viscoelastic crack growth criteria for mixtures in tension and com-

pression, which are similar to the Griffith crack growth criterion that was

developed in the 1920s for elastic materials. This will make it possible to determine

the needed properties of the components of the mixtures, such as the binder, at the time

of construction, in order to provide a reliable expected service life.

In sum, mechanical principles, rapid and accurate characterization of mixture prop-

erties, and accurate computer predictions of the expected values and variances of

fatigue service lives are the future trends that can be expected of the subjects that

are summarized in this chapter.
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9Multiscale modeling approach

for asphalt concrete and its

implications on oxidative aging

B.S. Underwood
Arizona State University, Tempe, AZ, USA

9.1 Introduction

Aging, specifically oxidation of the asphalt cement, has long been recognized as a major

distress facilitator in asphalt concrete and, by extension, asphalt pavements. This pro-

cess causes the material to stiffen and embrittle, and may lead to a higher potential for

cracking. Despite its importance, there aremany aspects of this phenomenon that are not

completely understood after substantial study. Evaluations of oxidation tend to focus on

either asphalt cement binder or asphalt concrete, with asphalt cement-based studies

being more prevalent. The earliest work focused on understanding the physical and

mechanical implications of oxidation (Hubbard and Reeve, 1913; Thurston and

Knowles, 1936; Van Oort, 1956; Corbett and Merz, 1975), while later and more recent

studies have focused on the chemical-related impacts (Wright, 1965; Lee and Huang,

1973; Jemison et al., 1992; Lunsford, 1994; Liu et al., 1996; Petersen and

Harnsberger, 1998; Glover et al., 2008; Prapaitrakul, 2009; Huang and Grimes, 2010).

One of the most important documents on asphalt oxidation was produced by

Petersen (2009), who summarized more than half a century’s worth of experience

and knowledge on the subject. This document follows many of the important devel-

opments in the field and begins by explaining oxidation in terms of the coarsely

defined molecular components familiar to civil engineers, the saturate–aromatic–

resin–asphaltene (SARA) fractions. This coarse understanding is expanded upon by

introducing the idea of asphalt functional groups and explaining oxidation using more

fundamental nomenclature. Support for the key concepts is provided in the form of

experimental studies that explain the types of products that result from oxidation

and how these affect the asphalt binder functional groups. Many of these key findings

with respect to the molecular-level changes upon oxidation are discussed in

Section 9.3. The document also reports on the correlation between asphalt binder

chemistry, the changes that occur upon aging and how experimental techniques can

monitor these changes, and the associated impacts on mechanical properties. Petersen

does not propose any specific model for relating chemical and mechanical properties,

but does demonstrate considerable correlation between the two. Of particular note is

the observation from laboratory aging studies that oxidation products form first at a

fast but decreasing rate, and then afterward form at a constant rate. The binder
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viscosity, measured at 60 °C, is also shown to follow the same trend; however, the

precise relationship between oxidation product formation and viscosity change is

found to vary by asphalt.

Although Petersen does not introduce a mathematical model in his work, others

have taken on this problem, as summarized in Table 9.1. Glover and his colleagues

(Jemison et al., 1992; Lunsford, 1994; Liu et al., 1996; Glover et al., 2008; Han,

2011) have focused primarily on modeling the chemical products formed via oxida-

tion and use a dual-rate approach. In this technique, the oxidation process is divided

into two regions: fast-rate reaction region and constant-rate reaction region. In the first

one, oxidation products form quickly but at a declining rate, whereas in region two the

products form at a constant rate. This constant-rate region is modeled using an

Table 9.1 Summary of oxidative aging models for asphalt cement

Model Primary equations Comment

Glover

model
ln� tð Þ¼ ln�0 +D ln �j

� �
+ r�� t

r� ¼ d ln�
dt ¼HS� dCA

dt

dCA

dt
¼APae�E=RT

l Models the rate of oxidation product

formation (CA) and uses empirical

relationships between these products

and mechanical properties

Farrar

model

1

G∗
c tð Þ¼

1

G∗
c0

+ kt

k¼APae�E=RT

l Models the rate of change in

crossover modulus using a second-

order aging kinetics relationship

Global

aging

system

model

log log� tð Þ¼ log log�0 +At

1 +Bt
A,B¼ f T, Maat, �0ð Þ

l Empirical correlation between

in-service time and binder viscosity

at multiple temperatures

Aging shift

factor

model

G∗j j tð Þ¼ G�
g

1 + fc=fra

� �d
� �me=d

fra ¼ f �aT �aA

l Phenomenological relationship

between changes in linear

viscoelastic properties of asphalt

binder as a function of loading time/

rate/frequency, temperature, and

oxidation time

Terms �¼viscosity

t¼ time

T¼ temperature

P¼pressure

�0¼ initial viscosity

�j¼ rapid growth viscosity

CA¼carbonyl area (measure of

oxidation product formation)

HS¼hardening susceptibility

(empirical factor)

r�¼viscosity growth rate in

constant growth region

A, E, a¼calibration coefficients

G∗
c tð Þ¼crossover modulus as a function

of time

G∗
c0¼ initial crossover modulus

G∗
g¼viscosity growth rate in constant

growth region

fc, me, d¼calibration coefficients

aT¼ temperature-related shift factor

aA¼aging-time-related shift factor
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Arrhenius expression considering temperature and pressure. Correlations between

oxidation product and binder viscosity at 60 °C are used to link chemical and rheo-

logical changes. Farrar (2013) suggests that the fast-rate oxidation kinetics may not

be practically significant for in-service pavements by using a constant rate model

(e.g., a second-order kinetics model) to demonstrate good predictive agreement

between the crossover modulus and oxidation time for both short- and long-term aging

periods. As in the constant-rate portion of Glover’s model, this rate is described using

an Arrhenius-type function. This approach has received less attention than the dual-

rate method, probably due to the fact that oxidation products in asphalt cement are

known to form quickly at first before settling into a more or less constant rate of accu-

mulation. However, the results reported by Farrar could be explained by noting that

the relationship between oxidation product and rheological changes may not be linear.

Other than the obvious simplification that a single-rate model affords, the direct

prediction of a rheological property may also be advantageous.

Other researchers have focused on the mechanical impacts of oxidation alone and

attempted to characterize the changes in material properties without direct consider-

ation of the chemical processes. The most well known of these is the global aging sys-

tem (GAS) model (Mirza and Witczak, 1995), which is based on the large-scale

regression of viscosity from at least 47 in-service projects (2308 individual measure-

ments). The model does capture major trends with respect to time (increases in

oxidation-related viscosity) and depth in the pavement (decreases in oxidation-related

viscosity with depth). Some have questioned its overall validity though, because it has

only limited characterization with respect to air void content effects and modified

asphalt cements. In addition, it relies solely on the mean annual air temperature as

the climate-related input, which does not explicitly consider confounding factors such

as sunlight, cloud cover, convective flow, and so on.

Another approach to characterizing the impact of oxidation on mechanical prop-

erties is to utilize phenomenological shifting methods. These approaches strive to cre-

ate aging master curves akin to what is done in a thermorheologically simple analysis

of temperature and time effects. Studies conducted by Strategic Highway Research

Program (SHRP) researchers suggested that the oxidation impact is too complex to

be accurately handled by such methods (Anderson et al., 1994). Nevertheless, various

researchers (Shalaby, 2002; Huang and Zeng, 2007; Banerjee et al., 2012) have

applied these techniques as a means to characterize the aging impacts. Heretofore,

such works have not supplied a theoretical basis for the shifting approach, such as

the free-volume concepts used to support time–temperature superposition

(Ferry, 1980).

The complexity of the problem increases in the case of asphalt concrete due to the

fact that (1) the aging kinetics are highly binder specific and dependent upon temper-

ature; (2) physicochemical interactions may be significant; (3) thermal exposure

during the mixing and placement operations can be highly variable and in some cases

not very well controlled; and (4) void content can vary. Coincidently, there has been

substantially less research to understand and model the aging phenomenon of asphalt

mixtures (Bell, 1989; Bell and Sosnovske, 1994; Bell et al., 1994; Anderson et al.,

1994; Brown and Scholz, 2000; Airey, 2003; Houston et al., 2005). Despite a lack
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of attention, evaluation of aging in asphalt concrete is important because the aging of

asphalt concrete has direct implications on the performance of the majority of pave-

ments worldwide. Coincident with this importance, the complexity of the relationship

between the asphalt binder and asphalt mixture properties makes it impossible to

judge the impact of certain conditions on asphalt mixture behavior by simply measur-

ing the properties of the binder.

9.2 A multiscale perspective of asphalt concrete behavior

Alongwith other mechanisms, oxidative aging is generally interpreted in the framework

of a two-scale system: asphalt binder and asphalt concrete. The two materials in this

paradigm exist in a related, but separate context and rely on single-step correlations.

A multiscale perspective postulates that single-step relationships have limited utility

because of the existence ofmultiple mechanisms that manifest at different length scales.

Thus, linking mechanical behaviors of asphalt binder and asphalt mixture in a single

step requires the smearing of multiple physical phenomena. Such an approach would

then limit the potential to developmeaningful insight into cause-and-effect relationships

and to consequently formulate strategies to better design the materials. The scalewise

dependencies that exist in asphaltic composites are summarized in Figure 9.1.

At the smallest scale, asphalt cement can be viewed as a composite of hydrocarbons

and other elements in multiple complex structures. In this domain, the material is best

understood with respect to the chemical properties of the constituent elements, molec-

ular species, and functional groups that compose the bulk asphalt binder. At the next
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largest scale, asphalt binder is viewed as a dark brown to black semisolid cementitious

material with viscous to viscoelastoplastic mechanical properties. Here, behaviors are

interpreted primarily in a rheological context either as part of a specification process

or as a means to understand the impacts of binder compositional factors on mechanical

properties.

The next scale of practical interest is asphalt concrete, which consists of the asphalt

binder, graded aggregates from up to 37.5 mm to sizes less than 75 mm, and air in the

form of void spaces between the coated aggregates. Although this is the next largest size

of practical engineering significance, understanding the mechanical relationship

between it and the asphalt binder can be facilitated by further dividing the composition

of asphalt concrete into two scales: asphalt mastic and asphalt fine aggregate matrix

(FAM). Asphalt mastic is the material consisting of mineral filler (particles smaller than

75 mm) and the asphalt binder. The importance of this scale in establishing the link

between asphalt binder and asphalt concrete is the magnification of physicochemical

interactions that occur at the interface of the asphalt and aggregate. This scale magnifies

the influences of this phenomenon because of the relatively large specific surface of the

filler particles. Asphalt FAM consists of the asphalt mastic and the fine aggregate

particles, and thus it is synonymous with the mortar phase of portland cement concrete.

Like the mortar, FAM forms the material that exists between the coarsest aggregate par-

ticles in the mixture. It is the FAM phase that deforms under high-temperature loading

and that shows visible cracking under repeated loading at intermediate temperatures.

Because mastic is a part of this scale, the physicochemical influences are inherently

occurring, but particle contact interactions are the more dominant mechanism.

One goal for multiscale evaluations is to understand physical and chemical mech-

anisms that occur in a material by carrying out targeted experiments at scales where

those mechanisms are most dominant. A second and perhaps more meaningful out-

come from these evaluations is the integration of the individual mechanisms into a

comprehensive analytical or computational formulation. Such a model can then be

used to deduce the cause-and-effect relationships and/or to engineer the composition

and internal structure of asphalt concrete to improve the properties and performance.

With respect to oxidative aging, this process has progressed in two separate direc-

tions starting at the asphalt binder. To the left (e.g., toward smaller scales), there is impe-

tus to understand the linkages between rheological properties and molecular

composition. The goal of moving in this direction is to identify the key molecular com-

ponents and allow the engineering of asphalt binder to be more resilient to oxidative

impacts. To the right (e.g., toward larger scales), the primary motivation is to develop

an understanding of the relationship between asphalt rheology, the physicochemical

interactions, particle contacts and the role that these play in affecting the properties

of the asphalt concrete, and ultimately the performance of asphalt pavements. Perfor-

mance includes resistance to distresses (fatigue cracking, thermal cracking, rutting,

etc.), which involves understanding the behaviors as they relate to viscoelastoplasticity

and damage aswell as perhaps healing, thixotropy, heat generation, and others. The goal

in this document is less ambitious. Here, the behaviors with respect to only linear vis-

coelasticity (LVE) are explored. For approximating this relationship and understanding

the impact of oxidation of the asphalt cement on the asphalt mixture modulus, models
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are available today that, while not perfect, do provide an approximate and rational link

between the scales (Kim et al., 2009). Aging effects may have a more significant influ-

ence beyond the LVE conditions, and generalizing observationsmade on the LVE prop-

erties to failure regions is ill advised. However, without a proper understanding of the

relationship in the LVE conditions, it is likely that one will not be able to describe the

relationships under fatigue or permanent deformation.

9.3 Oxidation at the molecular level

The chemical nature of oxidation in asphalt has been explained and summarized

extensively in the literature (Petersen et al., 1994; Petersen and Harnsberger,

1998; Lesueur, 2009; Petersen, 2009), and is thus only briefly mentioned here for

completeness. Interested readers will find substantially more detail in the cited ref-

erences. Understanding the chemical oxidation process in asphalt first requires an

understanding of the physical and chemical composition of asphalt at the molecular

scale. Asphalt is composed of primarily hydrogen and carbon, which exist in both

aliphatic and aromatic forms. Along with the hydrocarbons, other elements such

as oxygen and nitrogen, and metals like vanadium can also exist in the form of het-

eroatoms. Composition is commonly expressed not in terms of specific molecular

species, but rather in broad classifications of functional classes and/or as molecular

types as determined by solubility. The SARA fractions are distinguished from one

another based on their solubility, which broadly correlates with molecular weight

and polarity. Different methods do exist for extracting these fractions, and the

methods yield different results, so that one must carefully consider the method of

evaluation and hence the physical significance of the outcomes. Despite the limits

with respect to rigorous physical and chemical correlations, the SARA fraction

framework provides a convenient method to view asphalt structure and to interpret

the impacts of oxidation.

The oxidation reaction in asphalt can be tracked by measuring the change in certain

functional groups in the asphalt cement. Of particular interest are the ketones, anhy-

drides, and carboxylic acids (e.g., double-bonded oxygen structures or carbonyls), as

well as the sulfoxides. Each of these functionalities forms at different rates, with sulf-

oxides generally forming first and with a rate that slows considerably after a short

period, while carbonyls form slowly at first but with a relatively stable rate over time

(given constant temperature/pressure conditions) (Petersen et al., 1994). Under

nonsteady-state conditions, the rates of oxidation are dependent upon the rate of

diffusion and the availability of oxygen to the system. The study of chemical oxidation

kinetics has matured to the point where, after some laboratory calibration, it is possible

to predict the amount of oxidation product formed during in-service conditions. How-

ever, predicting the amount of carbonyls, sulfoxides, or the combined carbonyl-

sulfoxide content is not sufficient for predicting the mechanical impacts of oxidation.

Such is the case because the exact sensitivity of asphalt rheology to asphaltenes and

oxidation products is dependent upon the physical nature of the oxidized products as

well as the chemical nature of the lighter molecular weight compounds and their sol-

vent power (Petersen et al., 1994). While it is understood that these factors strongly
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impact the link between chemical and rheological properties, a complete description

of the mechanisms does not yet exist. This statement applies to the traditional rheo-

logical measurement in asphalt (viscosity), the more fundamental dynamic shear mod-

ulus G∗j jð Þ, and more recent high-strain-level measures such as nonrecoverable creep

compliance (Jnr). Thus, studies that predict oxidation product formation must cur-

rently rely on empirical correlations, which themselves are dependent on the breadth

of experimental data gathered. Thus, the modeling of fundamental oxidation kinetics

has some limitations with respect to predicting the evolution of mechanical properties

with time. This is not to say that the fundamental chemical-based evaluation is not

important or useful, only that it has limitations, which motivate many to investigate

oxidation from a more rheological perspective.

9.4 Effects of oxidation on asphalt materials

9.4.1 Rheology of asphalt cement

It is well known that asphalt binder becomes stiffer as oxidative aging occurs

(Hubbard and Reeve, 1913; Petersen et al., 1994). Historically, this effect is quantified

with aging indices defined as shown in Equation (9.1).

AR¼Aage

Aref

(9.1)

where Aref is the binder property, viscosity or G∗j j, at some reference condition; and

Aage is the same binder property determined after a different level of oxidative aging

either in the lab or in service. The advantage of AR is its simplicity and that it works

well to quickly show the aging sensitivity of a given material. Its disadvantage is that

when defined at a single temperature, it does not provide a full picture of the effects of

oxidative aging over the range of conditions that would be experienced under service

(Petersen et al., 1994). To demonstrate some of these complications, ARs will be cal-

culated based on both viscosity and G∗j j, using the basic form in Equation (9.1), but at

various temperatures and frequencies of loading.

A database of 20 different asphalt binders has been compiled to assess the aging

effects on viscosity and G∗j j; see Table 9.2. As seen in this table, the available binder
conditions included original (unaged); rolling thin-film oven (RTFO) aged; pressure

aging vessel (PAV) aged at the standard temperature; PAV aged at 110 °C (PAV110);

and recovered from an asphalt mixture (REC). At each aging level available for a

given binder, viscosity was measured via traditional methods: a gravity-based

cross-arm tube viscometer (135 °C), a vacuum-assisted U-tube viscometer (60 °C),
a penetrometer (25–5 °C), and a ring-and-ball viscometer. In addition, for each binder,

the G∗j j has been measured using a parallel plate rheometer at the combination of

temperatures between 5 and 80 °C and frequencies between 100 and 0.1 rad/s.

Some of the asphalt binders have beam stiffness measured with the bending beam rhe-

ometer (BBR) for temperatures between approximately �30 and �10 °C and for

times between 8 and 240 s. Because the binder RTFO is meant to represent
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the materials after placement, it serves as the datum for comparison between and

among materials (e.g., Aref).

9.4.1.1 Viscosity

Viscosity values are determined for all of the asphalt binders in the database using the

A and VTS function, Equation (9.2). It is assumed, based on the work of others (Mirza

andWitczak, 1995), that a maximum viscosity of 2.7�1012 cP exists for all materials.

log log �ð Þð Þ¼A +VTS log TRð Þ (9.2)

where � is the viscosity in cP, A is the intercept of the temperature susceptibility

relationship, VTS is the slope of the temperature susceptibility relationship, and TR
is the temperature in Rankine.

The results of viscosity-based aging analysis are shown in Table 9.3 for 5 and 54 °C.
Although only 5 and 54 °C are shown, it is noted that the AR values have also been

Table 9.2 Binder database used for aging study

Project Binder name

Aging conditions BBR

data

availableOriginal RTFO PAV PAV110 REC

ALF AC 5 ✓ ✓ ✓ ✓ ✓

AC 10 ✓ ✓ ✓ ✓ ✓

AC 20 ✓ ✓ ✓ ✓ ✓

Novophalt ✓ ✓ ✓ ✓ ✓

Styrelf ✓ ✓ ✓ ✓ ✓

MnRoad AC 20 ✓ ✓ ✓ ✓ ✓

Pen 120/150 ✓ ✓ ✓ ✓ ✓

Westrack Westrack ✓ ✓ ✓

Arizona

DOT

Para. PG 58-22 ✓ ✓ ✓ ✓

Para. PG 64-16 ✓ ✓ ✓ ✓

Nav. PG 70-10 ✓ ✓ ✓ ✓

Nav. PG 76-16 ✓ ✓ ✓ ✓

Chev. PG 64-22 ✓ ✓ ✓ ✓

Chev. PG 76-16 ✓ ✓ ✓ ✓

Witczak Citgo PG 64-22 ✓ ✓ ✓ ✓

Maryland

port

authority

Citgo PG 70-22 ✓ ✓ ✓

TLA ✓ ✓ ✓

Stylink ✓ ✓ ✓

Novophalt ✓ ✓ ✓

PMB ✓ ✓ ✓
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Table 9.3 Viscosity-based aging ratios for study binders at selected temperatures

Binder

Temperature (°C)

5 54

Experimental

GAS model

months Experimental

GAS model

months

Original PAV PAV110 REC 12 120 Original PAV PAV110 REC 12 120

ALF AC 5 0.21 7.08 – 0.91 58.13 58.13 0.44 3.70 – 1.12 2.01 4.56

AC 10 0.06 3.22 – 0.69 15.73 15.73 0.19 2.30 – 0.89 1.81 3.60

AC 20 0.22 9.37 – 2.07 17.59 17.59 0.39 4.52 – 1.72 1.79 3.53

Novophalt 0.36 4.32 – 4.69 40.87 40.87 0.41 3.72 – 0.76 1.47 2.27

Styrelf 0.49 2.17 – 1.05 14.61 14.61 0.49 5.39 – 1.66 1.32 1.81

MnRoad AC 20 0.20 11.47 – 4.66 20.09 20.09 0.39 4.70 – 2.82 1.85 3.77

Pen 120/150 0.20 12.17 – 9.21 76.57 76.57 0.40 4.38 – 4.08 2.10 5.01

Westrack Westrack 0.22 2.29 – – 12.13 12.13 0.42 1.63 – – 1.84 3.72

Arizona

DOT

Para. PG 58-22 0.24 8.30 27.05 – 72.96 72.96 0.41 3.45 8.88 – 2.08 4.89

Para. PG 64-16 0.38 2.90 2.90 – 2.90 2.90 0.44 3.00 7.06 – 1.74 3.30

Nav. PG 70-10 0.28 1.00 1.00 – 1.00 1.00 0.59 4.99 6.06 – 1.58 2.67

Nav. PG 76-16 0.25 2.76 3.90 – 16.29 16.29 0.40 2.02 1.86 – 1.24 1.57

Chev. PG 64-22 1.14 13.78 19.43 – 25.10 25.10 0.51 3.20 5.40 – 1.85 3.77

Chev. PG 76-16 0.56 2.55 2.55 – 2.55 2.55 0.58 4.49 8.14 – 1.47 2.29

Witczak Citgo PG 64-22 0.22 7.64 – 1.31 16.86 16.86 0.43 3.30 – 1.29 1.85 3.79

Maryland

Port

Authority

Citgo PG 70-22 0.32 7.64 – – 7.70 7.70 0.47 3.40 – – 1.67 3.00

TLA 0.17 1.68 – – 107.38 107.38 0.34 3.50 – – 1.80 3.58

Stylink 0.37 4.39 – – 6.05 6.05 0.44 3.80 – – 1.31 1.79

Novophalt 0.26 1.12 – – 1.68 1.68 0.31 1.71 – – 1.38 1.97

PMB 0.23 1.83 – – 1.12 1.12 0.17 1.46 – – 1.05 1.11

Note: Dashes indicate that the A and VTS coefficients were not available for the particular aging condition.
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computed for�10, 20, and 40 °C,which in total represent the typical range of in-service
conditions (ARA, 2004). Only the 5 and 54 °C data are discussed in detail, because the

other temperatures generally represent a continuum of responses between those

observed at these two temperatures. The AR can be strongly dependent on temperature

(see, for example, the MnRoad binders at the PAV aging condition), and can also

depend on the specific binder and aging condition examined. No clear correlation exists

for predicting how the ARwill manifest itself for the PAV condition, given the behavior

of the original binder. In some cases, asphalt binders that show significant effect from

the RTFO aging show little effect from the PAV aging (see theMaryland PMB). In other

cases, such as the MnRoad Pen 120/150 asphalt binder, significant original-to-RTFO

aging is observed, and a large RTFO-to-PAV change is also observed. Based on the

preceding discussion regarding the chemical interactions at play in the asphalt cement

and the associated literature on temperature-dependent oxidation kinetics, these differ-

ences are not overly surprising. Note that the Nav. PG 70-10 asphalt shows anAR of 1 at

5 °C due to the assumption that the maximum viscosity of the asphalt binder is

2.7�1012 cP. At �10 °C, the Nav. PG 70–10, and many of the other binders, show

an AR of 1.

The GAS model has been applied to examine the effects of long-term field expo-

sure on the aging ratio under in-service conditions. This method was chosen in lieu of

more advanced and emerging methods because it is based on a large database of in-

service materials, and because it adequately captures the basic trend of viscosity

change with age. The predicted relationship between the original and RTFO-aged

asphalt binder, �Original and �RTFO, respectively, is given by Equation (9.3) if it is

assumed that the given asphalts have a standard aging susceptibility. Verification

of this assumption for the asphalt binders in this study is shown in Figure 9.2, which

demonstrates that the study materials are consistent with those used to develop the
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G
A

S
 p

re
d

ic
te

d
 v

is
c
o

s
it

y
 (

c
P

)

-10 �C

5 �C

20 �C

40 �C

54 �C

1 × 1014

1 × 1014

1 × 1011

1 × 1011

1 × 108

1 × 108

1 × 105
1 × 105

Figure 9.2 Verification of GAS model for original-to-RTFO aging prediction.
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GAS model. Thus, this model can be used reliably with the study materials to simu-

lating in-service aging.

The second important component of the GAS model is the equation for relating

RTFO viscosity to the long-term aged viscosity, �aged, Equation (9.4). Note that

the GAS model assumes the RTFO asphalt binder is equivalent to the asphalt binder

as it exists immediately after mix and laydown operations (Mirza and Witczak, 1995).

log log �RTFOð Þð Þ¼ 0:054405 + 0:972035 log log �Original

� �� �
(9.3)

log log �aged

� �� �
¼ log log �RTFOð Þð Þ+At

1 +Bt
(9.4)

In Equation (9.4), A¼�0:004166+ 10F 1:41213 + log Maatð Þð Þ +D log log �RTFOð Þð Þð Þ,
B¼ 0:197725+ 0:068384 log 10F

� �� �
, D¼�14:5521+ 10:47662 log TRð Þð Þ�1:88161

log TRð Þ2
� �

, F¼ 274:4946�193:831 log TRð Þð Þ+ 33:9366 log TRð Þ2
� �

, Maat is the

mean annual air temperature (assumed equal to 50 °F), and t is the time in months.

The predicted effect of the long-term aging is shown in Table 9.3 for periods of 12

and 120 months. While these predictions capture some overall trends, considering that

PAV aging was established to simulate the effect of field exposure for 10–15 years, the

magnitudes of these predicted ratios are quite different from experimental values.

Experimental ratios do not exceed 13.78 at the temperature of 5 °C, whereas the

modeled viscosity ratio may be as large as 100. At 54 °C, the correlation is more rea-

sonable. Furthermore, for heavily modified asphalt binders such as the Maryland

Stylink, Novophalt, and PMB asphalt binders, the GAS model actually predicts an

AR less than 1 (e.g., softening with aging) at some intermediate temperatures such

as 40 °C. This is a mathematical anomaly of the GAS model and could be related

to the fact that the model was not calibrated at these temperatures or with these mate-

rials. Similar extrapolation issues are also believed to be the cause of the high AR at

5 °C. The fact that the predicted AR values at 5 °C do not change between 12 and

120 months is due to the assumption that the maximum viscosity of asphalt binder

is 2.7�1012 cP.

9.4.1.2 Linear viscoelastic properties

The development and implementation of the Superpave binder specification has

caused G∗j j to replace viscosity as the primary asphalt binder property in much of

the United States. The AR calculated from G∗j j, unlike that calculated from viscosity,

is a function of both frequency and temperature. Because the low end of the temper-

ature range of interest (�10 °C) cannot be accurately measured using the dynamic

shear rheometer (DSR), an analytical technique, presented elsewhere, that combines

the results from the BBR and DSR tests is utilized (Underwood et al., 2010). The ref-

erence (RTFO) and aged asphalt G∗j j are plotted relative to one another in Figure 9.3.
Points above the line of equality represent cases where the aged asphalt modulus is

greater than the reference, and points below the line represent cases where the aged
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modulus is less than the reference case. The convenience of graphing the data in this

way is that different ARs will plot as straight lines offset from the line of equality by an

amount directly proportional to the AR. These lines are shown at certain specific AR

values to provide a visual guide to the amount of stiffening occurring due to oxidation.

Note that asphalt binders with BBR data available are plotted for �10, 5, 20, 40, and

54 °C, whereas the other asphalt binders are shown for only 20, 40, and 54 °C. The
recovered asphalt binder samples do not have BBR data, and thus their results are plot-

ted at only 20, 40, and 54 °C.
To properly interpret Figure 9.3, it must be recognized that G∗j j decreases as the

temperature increases or the frequency decreases, and therefore the G∗j j-based ratios

suggest a larger rheological effect from aging at higher temperatures and/or slower

frequencies. A comparison of the G∗j j and viscosity-based aging ratios at some

selected temperatures is shown in Figure 9.4. For the G∗j j-based quantity, the value

is computed by averaging the results at frequencies between 1 and 100 rad/s for a

given temperature. In this figure, the average AR, both G∗j j and viscosity-based,

for all study materials is plotted. Error bars are shown to represent the 75th and

25th percentiles. The reason for compiling all of the data into this single figure is

to demonstrate that certain broad patterns exist.

The agreement between the G∗j j and viscosity-based ratios is mostly favorable for

the case of the original and recovered asphalt, but not for the PAV and PAV110 con-

ditions. In these latter two aging conditions, the viscosity AR may be as large as

10–18, but the G∗j j ratio never exceeds 7. This difference may be attributed to the fact

that some of the viscosity measurements used to generate the A and VTS relationships

are nonfundamental quantities. At high temperatures, when kinematic or rotational

viscosities are measured, the material is mostly Newtonian and a viscosity measure-

ment is a fundamentally meaningful quantity. However, at lower temperatures, where

penetration is measured, the material is shear-rate dependent, and thus viscosity is an
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Figure 9.3 Effect of aging on asphalt binder G∗j j.
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engineering quantity rather than a fundamental one. It is hypothesized that these shear-

rate effects will become more significant as the material stiffness increases, and thus

the true effects of oxidative aging are overemphasized for these conditions. Examin-

ing only the data at 54 °C, where non-Newtonian effects are reduced (although not

eliminated), the agreement between the G∗j j and viscosity-based quantities improves.

This is an important observation because many historical studies rely on viscosity

values at 60 °C as the primary rheological indicator for oxidation (Petersen, 2009;

Lunsford 1994; Glover et al., 2008).

9.4.2 Viscoelasticity of asphalt concrete

Oxidation in asphalt concrete is predominantly studied with techniques that first sub-

ject compacted asphalt concrete samples to a moderately high temperature (85 °C) for
2–5 days prior to performing mechanical tests (Bell, 1989; Brown and Scholz, 2000;

Roque et al., 2010). This standard long-term oxidative aging (LTOA) procedure

affects the LVE properties of asphalt concrete. Some specific changes include an

increase in modulus at the high and intermediate temperatures, but, similar to the

asphalt binder, the modulus at low temperatures does not change much. Based on this

general pattern, it is also found that the time dependence of the material changes.

Interestingly though, the t–T (time–temperature) shift factor is not strongly affected

by oxidation, except at higher temperatures. The frequency at which the maximum

phase angle occurs is delayed to a slower frequency with aging. This change causes

the elasticity to be greater at intermediate temperatures, but less at high temperatures.

Observing all of these effects, it is generally found that the overall impact of aging is

most noticeable in the intermediate temperature range, followed by the high temper-

atures, and finally the low temperatures.

Some of these behaviors parallel those observed in asphalt binder (observations 1

and 2 above), while others (observations 3 and 4) do not. Such findings reinforce the
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complicated mechanics that dictate how asphalt binder influences the behaviors of

asphalt mixtures. These mechanics have not yet been fully described with analytical

or computational methods. Nevertheless, existing simplified tools can capture some of

these fundamental differences and provide insight into the impacts of oxidation on

asphalt concrete behaviors.

To demonstrate the effectiveness of oxidation on asphalt mixture behavior, a data-

base consisting of dynamic modulus, E∗j j, and phase angle, f, measurements from 30

mixtures aged at different laboratory and in-service levels has been compiled; see

Table 9.4. The data are available for the unaged, short-term oven aged (STOA),

LTOA, plant mixed, and field-aged conditions. In the unaged condition, the asphalt

binder is heated to the appropriate mixing temperature and then combined with the

aggregate. The mixture is then cooled to compaction temperature, whereupon it is

compacted to the appropriate air void level for testing. In this case, the term unaged

is somewhat misleading because oxidation could occur during the mixing and com-

paction process, but the naming is set based on convention. For STOA cases, the mix-

ture was placed into a 135 °C oven for 4 h, then heated to the appropriate compaction

temperature, and compacted. The same process was also followed for LTOA; how-

ever, after the sample was fabricated, it was subjected to 8 days of conditioning at

85 °C. For mixture evaluations, the STOA served as the reference case.

The impact of laboratory and in-service aging of asphalt concrete mixtures is sum-

marized for the study materials in Figure 9.5. This figure conveys the same type of

oxidative aging effect information shown for the asphalt binder in Figure 9.3. In

Figure 9.5, the reference modulus is plotted on the x-axis and the moduli at different

aging levels (noted in the legend) are plotted on the y-axis. For convenience, lines at
aging ratios of 2, 1.5, 0.67, and 0.5 are also shown. First, the field sections are found to

show substantial variability, which is attributed to three primary factors: (1) the

specimen-to-specimen variability was higher than usual for these materials; (2) the

field sections were exposed to aging for only a very short period of time—less than

5 years; and (3) the well-known, but hard to quantify effects of lab-to-field compaction

differences are present. Comparisons of the different laboratory-aged materials show

that the unaged samples are almost consistently softer and the LTOA-aged samples are

almost consistently stiffer than the reference. Cases that do not follow this trend are

likely the result of experimental variability because the differences are small. Some

mixtures also show a trend toward a reduced aging effect at the extremely low mod-

ulus values.

9.5 Linking asphalt binder and asphalt mixture
oxidation impacts

Comparing Figures 9.3 and 9.5, it is seen that the mixture-aging ratios are smaller in

magnitude than those found for the asphalt binder. This effect can be clearly observed

by noticing the spread of data relative to the reference AR lines. This effect could be

related to the mismatch in aging conditions between binder andmixture because unaged
asphalt mixture may not necessarily be the same as original binder, STOA may not
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Table 9.4 Mixture database used for aging study

Project

Mixture

name

Aging conditions

Testing

temperatures

(°C)

Unaged STOA

Plant

Mix LTOA Field Max Min

NCHRP

9-36

Airblown ✓ ✓ 4 40

AAC-1 ✓ ✓

AAF-1 ✓ ✓

AAM-1 ✓ ✓

ABL-1 ✓ ✓

ABM-2 ✓ ✓

Citgoflex ✓ ✓

Elvaloy ✓ ✓

ALF PG 64 ✓ ✓

Novophalt ✓ ✓

EVA ✓ ✓

ALF ALF AC5 ✓ ✓ �10 54

ALF

AC5-Base

✓ ✓

ALF AC10 ✓ ✓

ALF AC20 ✓ ✓

ALF

AC20-Base

✓ ✓

ALF

Novophalt

✓ ✓

ALF Styrelf ✓ ✓

NCSU AL ✓ ✓ �10 54

A ✓ ✓

AAT Citgo ✓ ✓ 4 40

WRI

Kansas

Coastal

Eldorado

✓ ✓ 4 40

Koch

Muskogee

✓ ✓

Royal

Trading

✓ ✓

Sinclair Tulsa ✓ ✓

WRI

Nevada

Crown

Nevada

✓ ✓ 4 40

Crown

Canada

✓ ✓

Sinclair,

Wyoming

✓ ✓

Crown

Venezuela

✓ ✓
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equate to RTFO, and LTOAmay not equate to PAV. However, numerous research stud-

ies have concluded and engineering practice suggests an approximate and on the aver-
age agreement in material states at these aging conditions (Von Quintus et al., 1991;

Bell et al., 1994; Houston et al., 2005). As noted in the introduction, the exact aging

time correspondence is dependent upon many confounding factors, but in taking the

general guidelines as truth or near truth, it can be concluded that oxidative aging has

a less noticeable effect on the mixture modulus than it does on the binder modulus.

The fact that asphalt mixture modulus is less sensitive to oxidation than the asphalt

binder can be understood with the aid of a highly simplified physical analog, shown in

Figure 9.6. Such a construct is much too simplistic to accurately represent the asphalt

mixture, but it does provide a simple analog to broadly explain why differences in

sensitivity may exist. If a unit force is applied to this model and if the area of each
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element is set to be proportional to the volume content of the matrix (asphalt binder)

and inclusion (aggregate) phases, Vm and Vi, respectively, then the composite modu-

lus, Ec, of the system is given by Equation (9.5).

Ec ¼VmEm +ViEi (9.5)

Now consider two cases wherein the matrix phase has different values: for case one let

the matrix modulus, Em, equal a nondimensional value of 10, and for case two let

Em ¼ 100. For both, let the modulus of the inclusion, Ei, equal 1000. If the volume

of each phase is taken to be representative of what is typically observed in asphalt

concrete (Vm ¼ 11% and Vi ¼ 89%), then Ec ¼ 891 for case one and it equals 901

for case two. Thus, in this scenario, a matrix ratio of 10 results in a composite modulus

ratio of 1.01. Obviously, this is a highly idealized scenario using a model that is too

simplistic to fully represent asphalt concrete, but it does show that a change in the

modulus of the asphalt binder does not translate to equivalent changes in the modulus

of the asphalt mixture. In reality, the relationship between the mechanical properties

of an asphalt mixture and its asphalt binder is highly complex and dependent upon

many diverse physical and physicochemical factors, such as aggregate gradation, void

content, thermal history, aggregate surface chemistry and its interaction with the

asphalt cement, and so on.

While it is true that as of this writing, a wholly accurate and fully mechanistic model

to link known properties of asphalt binder and aggregates to those of the resulting asphalt

concrete does not exist, some existing empirical to semiempirical methods do exist for

this purpose, and they have been applied to assess their ability to match the quantitative

observations in the preceding sections of this paper. In total, four different analytical

methods are used: (1) the original Witczak model, (2) the modified Witczak model,

(3) the Hirsch model, and (4) the North Carolina State University artificial neural

network (NCSUANN)model. A brief description of these models is given here, but sig-

nificant literature on eachmodel has been reviewed and presented elsewhere (Kim et al.,

2009). The two Witczak models are empirically based regression formulas developed

from large databases ofmodulusmeasured onwidely varying asphalt concretemixtures.

In the original version, viscosity is used as the primary asphalt binder property, while the

modified version utilizes the G∗j j and phase angle. Bothmodels use aggregate gradation

parameters as well as the volumetric properties of the mixture. The Hirsch model

contains a micromechanically motivated function, which includes some empirically

calibrated adjustment factors. The NCSU ANN model is based on an artificial neural

network approach, with the network trained using a large database of moduli from

various asphalt concrete mixtures. Both the Hirsch model and the NCSU ANN model

utilize binder G∗j j and mixture volumetric parameters as the input parameters.

The measured original, RTFO, PAV, PAV110, and REC asphalt binder properties

are used as input in thesemodels to predict the effect of aging onmixture modulus. Plots

similar to that shown in Figure 9.5(a) are created to qualitatively and quantitatively

examine the givenmodel’s ability tomatch the trends observed inmixture testing. These

plots are shown in Figure 9.7 for each of the models. In Figure 9.7(c), shaded areas are

shown to represent conditions where the Hirsch model has not been fully calibrated

(Kim et al., 2009). These extrapolation areas are included because users would likely
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apply the model irrespective of extrapolative errors. Long-term agedmixture moduli are

predicted using only the originalWitczakmodel because it is the onlymodel that utilizes

viscosity (the output from the GAS model) as an input variable.

Comparisons between Figures 9.5(a) and 9.7(a)–(d) show that each predictive

model generally matches the magnitude of the aging effect observed in the experi-

ments (observe that the different AR lines are shown for the same level of aging).

In addition, all models except the original Witczak predict that aging is most

significant at intermediate conditions and becomes less significant at the extremes. This

behavior gives a characteristic elliptical shape to the plots in Figure 9.7(b)–(d), but is

most pronounced for the Hirsch and NCSU ANNmodels. Both of these models utilize

only the G∗j j and mixture volumetrics as input parameters, but have no parameters to

account for aggregate gradation. The originalWitczak model suggests that the effect of

aging increases as the material softens, but it does not show the characteristic elliptical

shape; instead, this model predicts that the influence of aging is very similar at the inter-

mediate and low modulus conditions (e.g., a parabolic shape). The characteristic shape

from Figure 9.5(a) varied from slightly elliptical (NCSU-LTOA and Citgo-LTOA

series) to parabolic (WRI-LTOA and NCHRP 9-36). These qualitative observations

suggest that the original and modified Witczak models are better suited for assessing

the impact of asphalt binder aging on the mixture modulus, but that all of the existing

models do an adequate job. The better match from the two Witczak models may be

AR=1.5

AR=2.0Original

PAV

PAV 110

REC

GAS, t=10 yr AR=0.5

AR=0.67

(a)
Predicted |E*|, RTFO (MPa)

P
re

d
ic

te
d

 |
E

*|
, 
a

g
e
 (

M
P

a
)

AR=1.5

AR=2.0

AR=0.5

AR=0.67

(b) Predicted |E*|, RTFO (MPa)

P
re

d
ic

te
d

 |
E

*|
, 
a

g
e
 (

M
P

a
)

AR=1.5

AR=2.0

AR=0.5

AR=0.67

(c) Predicted |E*|, RTFO (MPa)

P
re

d
ic

te
d

 |
E

*|
, 
a

g
e
 (

M
P

a
)

AR=1.5

AR=2.0

AR=0.5

AR=0.67

(d)
1 × 1051 × 1041 × 1031 × 102

1 × 102

1 × 103

1 × 104

1 × 105

1 × 1041 × 1031 × 102
1 × 102

1 × 105

1 × 104

1 × 103

1 × 102

1 × 102 1 × 103 1 × 104 1 × 105

1 × 103

1 × 104

1 × 105

1 × 102

1 × 1021 × 105

1 × 103

1 × 104

1 × 105

1 × 103 1 × 104 1 × 105

Predicted |E*|, RTFO (MPa)

P
re

d
ic

te
d

 |
E

*|
, 
a

g
e
 (

M
P

a
)

Figure 9.7 Predicted aging susceptibility with existing E∗j j prediction models: (a) original

Witczak model, (b) modified Witczak model, (c) Hirsch model, and (d) NCSU ANN model.
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related to the fact that they include parameters to directly account for the aggregate

gradation, which may indirectly capture some of the influence of aggregate surface

characteristics on the aging phenomenon.

Even though the individual models produce different AR values, the predictions in

Figure 9.7 show that each captures the fact that a given amount of stiffening in the

asphalt binder does not directly translate to an equivalent amount of stiffening in

the asphalt mixture. Recall that the influence of aging on the asphalt binder alone

was shown in Table 9.3 and Figure 9.3 to regularly result in AR greater than 12

and less than 0.2. The maximum AR value observed from the mixture data shown

in Figure 9.5 or predicted from Figure 9.7 is 3.25, while the minimum predicted value

(e.g., for the unaged cases) is 0.43. These observations are independent of the exact

agreement between mixture and binder aging conditions, and reflect a larger differ-

ence in behavior of the two materials. The data and analysis in this and the preceding

section shows that the relationship between asphalt binder and mixture stiffness is not

a simple one, and as such, a major change in the properties of the asphalt binder does

not necessarily translate to a major change in the mixture modulus.

9.6 Sequential multiscale approach for identifying
oxidation impacts

As the previous sections demonstrate, the topic of asphalt concrete oxidation contains

aspects that are relevant at different length scales. At the smallest scale commonly

considered, oxidation is understood with respect to changes in molecular functional-

ities, while at the next largest scale it is understood with respect to the impacts on

asphalt cement rheology. Although a complete description of the mechanisms that

relate molecular functionalities and asphalt rheology does not currently exist, a gen-

eral understanding has evolved, and broadly defined correlations have been developed

to aid engineers and scientists in bridging the scale gap. Han (2011) evaluated the oxi-

dation of different asphalts and found a strong relationship between the diffusivity and

the low-shear rate limiting viscosity, �∗0.

DO2

T
¼ 5:21�10�12 �∗0

� ��0:55
(9.6)

This correlation can be further related to the molecular structure of the asphalt by

considering asphaltenes to be impermeable to oxygen, and then using a differential

micromechanical model based on a generalization of Einstein’s suspension model

(Mooney, 1951). The significance of Equation (9.6) is that the diffusivity of oxygen

in asphalt decreases as the viscosity increases, and that this increase can be attributed

to the correlation between viscosity and asphaltene content.

Increases in diffusivity do not necessarily mean an increase in oxidation product,

because the rate of carbonyl formation can vary from binder to binder (Liu et al.,

1996). Likewise, the formation of carbonyl is not a singular indicator for the impact

of oxidation on the physical properties of the asphalt. Complicating these issues even
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further is the fact that within an asphalt concrete mixture, asphalt binder is intimately

bound to filler aggregates; for example, asphalt cement exists in the form of a mastic

in the concrete mixture (Delaporte et al., 2007; Underwood and Kim, 2013).

As discussed previously, the filler particles can provide both a physical and physico-

chemical reinforcement effect within the mastic. The importance of this scale from a

multiple-scale assembly viewpoint is that these physicochemical influences are

magnified so a more direct characterization of the behaviors can be developed.

Han evaluated the diffusivity of such mastics and found an overall decrease in diffu-

sion when compared to the asphalt binder alone. This behavior was theorized to be the

consequence of the physical interactions and increased diffusion path that result from

the addition of mineral filler. Existing models to describe multicomponent systems

(Maxwell, Rayleigh, and nonspherical complex models) predicted the change in

diffusivity within statistical reason, but on average tended to underestimate the change

in diffusion at higher particle concentrations.

During the SHRP, researchers evaluated the oxidation of asphalt mastics using

standard laboratory aging procedures (Anderson et al., 1994). A small experimental

plan was carried out involving mastics created from five aggregate sources and two

asphalt cement binders. Each of the mastics and the binders alone were conditioned in

a PAV for 6 days at 60 °C. The SHRP researchers clearly observed an aggregate-

dependent interaction in the oxidation, but concluded that the asphalt source effects

were greater than the aggregate effects. The SHRP study findings are shown in terms

of the aging ratio (oxidized to unoxidized mastic viscosity) in Figure 9.8. Because the

goal of this project was to develop performance-based tools for asphalt binder, addi-

tional experiments and analysis were not completed to a substantial amount to warrant

additional publications. However, as shown in Figure 9.8, the observed trends were

inconsistent, and some aggregates resulted in an increase in the aging ratio, while

others actually showed a decrease relative to what was observed in the aging of the
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asphalt binder alone. It is known that there are multiple competing mechanisms that

may be responsible for such behaviors. First, for the same volume or mass, the asphalt

mastics contains less asphalt binder than an equivalently aged pure binder condition;

thus, there exists a greater potential for oxidation. This tendency would be somewhat

tempered by the decreased diffusivity of oxygen through asphalt mastics and/or

increased film thickness (depending on the oxidation protocol followed), as demon-

strated by Han (2011). In addition, it is known from the simplistic micromechanical

analysis in Section 9.5 that the mechanical properties of asphalt mastic do not change

by an amount equivalently sensitive to changes in asphalt binder. Such a tendency has

been confirmed by blending aggregate filler with asphalt that has been aged a priori.
For this particular experiment, the asphalt binder was aged in a PAV oven at 110 °C
for 20 h. The comparisons between aging ratios (based on G∗j j at 60 °C) for the asphalt
binder and asphalt mastic are shown as the Case 1 series in Figure 9.9. This figure also

shows results for a similar asphalt binder that was blended and aged as a mastic, like in

the SHRP project, labeled as Case 2 in the figure. As seen in this figure, the preblended

case demonstrates greater aging than the asphalt binder, whereas the SHRP-like aging

scenario (e.g., aged mastic) shows less. This finding essentially indicates that the

impacts of mineral filler on oxidation should be more carefully considered than has

been previously done. Each of the competing behaviors would of course be affected

by the peculiar nature of the aggregate filler, along with its interaction with the asphalt

binder. While this interaction may not be critically important for distinguishing

between asphalt binders, it could be quite important for modeling and investigations

that attempt to better engineer asphalt concrete mixtures.

Recently, two separate studies have identified the potential for a nonhomogenous

distribution of asphalt binder molecular fractions within the asphalt mastic (Tan and

Guo, 2014; Underwood and Kim, 2014). This theory, originally posited by Tunnicliff

(1962, 1967) to explain experimental data gathered on mastics, has received support
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from different studies carried out over the years (Anderson and Goetz, 1973; Craus

et al., 1978; Petersen et al., 1987; Anderson et al., 1992; Kim, 2003). The more recent

evaluations have examined the phenomenon from a thermal and rheological perspec-

tive, using, in essence, the physical model depicted in Figure 9.10. Comparisons

between the traditional two-phase interpretations and the one resulting from the multi-

phase asphalt framework are shown in Figure 9.11. This figure demonstrates that a

multiphase interpretation, when coupled with an appropriate micromechanical formu-

lation, can better explain the time- and temperature-related stiffening, both qualita-

tively and quantitatively, than models relying on the two-phase interpretation

(Underwood and Kim, 2014).
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The interface layer of asphalt is theorized to have a higher modulus (increased

viscosity) due to the preferential adsorption of asphaltenes or other highly polar

compounds. Coupling this theory with the correlation shown in Equation (9.6) sug-

gests that the physicochemical interactions would add an additional hindrance to

the oxidation pathway. More interestingly though, it suggests that there would exist

a preferential oxidation path thorough the asphalt cement such that the process would

occur first in the material that is located further from the aggregate particles. This

spatially heterogeneous oxidation profile could have important implications in the

origination of damage and cracking. Thus, the exact way that the molecular function-

alities distribute within the mastic can be an important characteristic for determining

both how the asphalt oxidizes within the asphalt concrete and also how this chemical

oxidation affects the mechanical properties of the asphalt concrete.

The mastic-related influences are not the only factors affecting the modulus of

asphalt concrete. To completely understand the impact of asphalt binder changes

on asphalt mixture behaviors, one should also consider what occurs when aggregates

are of sufficient volume fraction that they interact together through contact. The inter-

mediate scale that captures a major portion of this interaction is the FAM scale. Under-

standing the scalewise relationships between it and the asphalt mastic below and the

asphalt concrete above can provide the additional information needed to examine oxi-

dative aging impacts in a way that is more complete than is possible with the previ-

ously described empirical models. Between asphalt mastic and asphalt FAM,

substantial internal structure is developed as the aggregate volume has increased from

approximately 20–30% in the mastic to approximately 70–90% in the case of FAM.

This phenomenon has been found to evolve along a continuum of structure, which is

tracked by a structuralization index (SI) that is related to the volume concentration of

aggregate particles, and their characteristic packing behaviors (e.g., gradation, surface

texture, and shape). These characteristics evolve in a material-specific manner as a

function of the length scale. It has been found that this relationship between the mastic

modulus and the structuralized material’s properties can be expressed according to

Equation (9.7) (Underwood and Kim, 2012):

log G∗j jFAM
� �¼ a SIð Þ+ b

1 + ew+ d SIð Þlog G∗j jmasticð Þ (9.7)

It is found that the functions a and d are approximately constant for the highly struc-

tured FAM scale. Then, differentiating Equation (9.7) with respect to the logarithm of

G∗j jmastic, Equation (9.8), it is found that the rate of change in FAM modulus is less

than that of the mastic; see Figure 9.12.

d log G∗j jFAM
� �

d log G∗j jmastic

� �¼�bd ew+ d log G∗j jmasticð Þ� �

1 + ew+ d log G∗j jmasticð Þ� � (9.8)

Asphalt mixture is also a highly structured composite, and therefore from Section 9.5

it can be inferred that the mechanical properties of FAM will be less sensitive to
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oxidation than asphalt binder. However, by following the multiple-scale linkage

approach, it is possible to understand that these differences can be related back to

the particle contact mechanism and likely not the particle surface interactions that

are dominant at the mastic scale.

FAM can also be linked to the asphalt mixture scale by using relatively well-known

micromechanical models. Such models are found to be too simplistic to cover the whole

range of scales required to bridge the gap between asphalt binder andmixture. However,

because themodulusgradientbetweenFAMandaggregates is not as largeas that between

asphalt binder and aggregate, the method is found to have sufficient utility for this pur-

pose. Here, the generalized self-consistentmethod derived byChristensen and Lo (1979)

is adopted. This method begins with assumptions of spherical particle shapes, isotropic

elasticity, and strain–energy equivalence between the microstructure and an equivalent

medium. Themodel itself reduces to the solution of a quadratic function, Equation (9.9),

which relates the mixture modulus, G∗j jM, to the FAM modulus, G∗j jF.

A
G∗j jM
G∗j jF

� 	2

+B
G∗j jM
G∗j jF

� 	
+C¼ 0 (9.9)

The expressions for A, B, andC are given in Equation (9.10), and found to be functions

of the shear modulus and Poisson’s ratio of the aggregate, GP and nP, the dynamic

shear modulus and Poisson’s ratio of the FAM, G∗j jF and n∗j jF, and the volumetric

particle concentration, Cv.

The predictability of Equation (9.9) is demonstrated in Figure 9.13. The scalewise

implications of this prediction match are that stiffening of the asphalt FAMwill lead to

stiffening of the asphalt mixture. However, an incremental increase in modulus of the

FAM will not result in an equivalent increment of stiffening in the asphalt mixture.

The fact that the volumetric concentration alone can predict the observed stiffening

suggests that on average, other coarse aggregate shape descriptors (shape, texture,
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Figure 9.12 Effect of changes in the mastic modulus on the modulus of FAM.
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etc.) are not important factors in the modulus at the mixture scale, which may be one

reason why the Hirsch and NCSU ANN models were able to empirically capture the

appropriate aging-related mixture stiffening. It is likely that these other characteristics

may hold increased importance as one applies higher strain levels that exceed the lin-

ear viscoelastic limits of the material.

A¼ 8
GP

G�j jF
�1

� 	
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(9.10)

9.7 Summary

The influence of oxidative aging on the viscosity andmodulus of asphalt binder and on

the modulus of asphalt mixtures has been studied. It was found that very little exper-

imental data have been gathered on the influence of oxidative aging in asphalt
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Figure 9.13 (a, b) Predictability of asphalt mixture modulus using a generalized self-consistent

model for two different asphalt concrete mixtures.
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mixtures. Surprisingly, no studies were found wherein researchers attempted to study

the effects of aging in asphalt binder and asphalt mixture at a consistent aging level

and over the entire range of in-service conditions. Because data for direct comparison

are not available, an indirect method was adopted wherein materials with vastly dif-

ferent properties were examined at many different aging levels. Using qualitative and

quantitative methods, it was shown that oxidative aging may influence the viscosity

and linear viscoelastic modulus of asphalt binder by a factor of 10 or more. However,

it was also observed that this influence does not directly translate to increases in the

modulus of asphalt concrete mixtures. Such a direct translation does not occur due to

the complex interactions that can occur within an asphalt concrete mixture, including

the mitigating effects of aggregate particles and the fact that asphalt binder typically

represents only about 10–15% of the total volume of an asphalt concrete mixture. A

rational method that utilizes existing analytical models was shown to predict the influ-

ence of asphalt binder aging on mixture modulus with a reasonable degree of accu-

racy. With this method, engineers can better assess the influence of asphalt binder

aging on the modulus of asphalt concrete mixtures.

9.8 Future trends

The fundamental study of asphalt concrete aging has, for the most part, focused on the

relevant chemical processes occurring in the asphalt cement. Such an approach is intu-

itive because it is understood that within the asphalt concrete, it is the asphalt cement

that responds to oxidation. However, this approach is fundamentally limited in terms

of its applicability to practice, as it does not directly address the impacts of these

changes on asphalt mixture nor provide insights that allow engineers to better design

materials. New research and evolving paradigms for the structure and modeling of

asphalt concrete are providing a new vision for how the oxidation of asphalt cement

impacts the properties of asphalt concrete and, by extension, the performance of pave-

ments. Future trends with respect to aging parallel larger trends in the asphalt concrete

community that are striving to understand cause-and-effect relationships within the

asphalt concrete structure. By better understanding the mechanisms that link different

scales, it may be possible to adequately control the mixture variables to mitigate issues

that may exist with the available source materials (e.g., not using a material highly

sensitive to oxidation in an asphalt concrete that itself is highly sensitive to changes

in asphalt binder properties).

While a complete understanding of the asphalt oxidation kinetics does not yet exist,

the essential fundamental elements of the process have matured to a point where

researchers have the capability to predict the oxidation process at a chemical level.

To utilize this understanding, the linkages between chemical/molecular properties

and asphalt rheology must be more fundamentally established. Future research will

focus on developing these linkages in a less empirical and more rigorously accurate

way. For example, many existing relationships are based on a single rheological mea-

sure, viscosity at 60 °C, and as it has been seen in this chapter, the actual rheological
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changes are much more complicated and vary by temperature and frequency of load-

ing. Moving forward, research will continue to emerge on the upscaling of asphalt

binder to asphalt mixture characteristics. Although the empirical and semiempirical

methods discussed in this chapter show a capability to capture some of the first-order

stiffening effects, there still remains considerable scatter. In addition, due to the nature

of oxidation to embrittle the asphalt cement, these existing relationships must be

expanded upon to relate properties beyond LVE in order to provide meaningful insight

into the oxidation phenomena in mixtures. The multiscale paradigm for studying

asphalt concrete behavior thus has many potential applications, and can serve as a

framework to develop more fundamental-based cause-and-effect relationships that

can lead to better engineering of asphalt concrete materials.

9.9 Sources of further information

Oxidation has been and continues to be a relevant issue in the asphalt concrete and

asphalt pavement field. Interested readers will find the reports from the SHRP a valu-

able resource in understanding the phenomenon from a fundamental chemical per-

spective. A good overall summary of the asphalt binder oxidation studies

conducted in the years leading to the SHRP and during the SHRP itself is given by

Petersen (2009). Readers may also find the studies of Dr. Charles Glover and his asso-

ciates (Jemison et al., 1992; Lunsford, 1994; Liu et al., 1996; Glover et al., 2008; Han,

2011) very useful as well. These researchers are integrating the essential framework of

chemical oxidation with thermal history profiles for in-service pavements to predict

the amount of oxidation product formed during the life of a pavement, and also to link

this, in an approximate way, to the asphalt binder rheology.

Practical guidance on laboratory aging protocols exists in the reports of completed

and ongoing research projects funded by the National Cooperative Highway Research

Program. NCHRP 9-23 (Houston et al., 2005) led to refinement of the laboratory aging

procedure for simulating long-term oxidation of the asphalt cement; NCHRP 9-52 (to

be completed in November 2014) will establish updated protocols for short-term lab-

oratory aging of asphalt concrete mixture; and NCHRP 9-54 will develop long-term

laboratory aging protocols for asphalt concrete mixtures. Although these projects have

very applied outcomes, the issues addressed, methods developed, and overall findings

can be related to many of the essential concepts discussed throughout this chapter.

References

Airey, G.D., 2003. State of the art report on ageing test methods for bituminous pavement mate-

rials. Int. J. Pavement Eng. 4, 165–176. http://dx.doi.org/10.1080/1029843042000198568.

Anderson, D.A., Goetz, W.H., 1973. Mechanical behavior and reinforcement of mineral filler-

asphalt mixtures: Technical paper, Publication FHWA/IN/JHRP-73/05. Joint Highway

Research Project, Indiana Department of Transportation and Purdue University, West

Lafayette, Indiana, http://dx.doi.org/10.5703/1288284313845.

Multiscale modeling and implications on oxidative aging 299

http://dx.doi.org/10.1080/1029843042000198568


Anderson, D.A., Bahia, H.U., Dongre, R., 1992. Rheological properties of mineral filler-asphalt

mastics and its importance to pavement performance. In: Meininger, R. (Ed.), Effects of

Aggregates and Mineral Fillers on Asphalt Mixture Performance: ASTM STP 1147.

ASTM, Philadelphia, pp. 131–153.

Anderson, D.A., Christensen, D.W., Bahia, H.U., Dongre, R., Sharma, M.G., Antle, C.F.,

Button, J., 1994. Binder characterization and evaluation volume 3: physical characteriza-

tion, SHRP A-369. Strategic Highway Research Program, Washington, DC.

ARA Inc., 2004. Guide for Mechanistic-Empirical Design of New and Rehabilitated Pavement

Structures. National Cooperative Highway Research Program, Washington, DC.

Banerjee, A., Smit, A.F., Prozzi, J.A., 2012. The effect of long-term aging on the rheology of

warmmix asphalt binders. Fuel 97, 603–611. http://dx.doi.org/10.1016/j.fuel.2012.01.072.

Bell, C.A., 1989. Aging of asphalt aggregate systems, SHRP-A-305. Strategic Highway

Research Program, Washington, DC.

Bell, C.A., Sosnovske, D., 1994. Aging: binder validation, SHRP-A-384. Strategic Highway

Research Program, Washington, DC.

Bell, C.A., Fellin, M.J., Wieder, A., 1994. Field validation of laboratory aging procedures for

asphalt aggregate mixtures. J. Assoc. Asphalt Paving Technol. 63, 45–80.

Brown, S.F., Scholz, T.V., 2000. Development of laboratory protocols for the ageing of asphalt

mixtures. In: 2nd Eurasphalt and Eurobitume Congress, Barcelona, Spain.

Christensen, R.M., Lo, K.H., 1979. Solutions for effective shear properties in three phase sphere

and cylinders models. J. Mech. Phys. Solids 27, 315–329. http://dx.doi.org/10.1016/0022-

5096(79)90032-2.

Corbett, L.W., Merz, R.E., 1975. Asphalt binder hardening in the michigan test road after

18 years of service. Transp. Res. Rec. 544, 27–34.

Craus, J., Ishai, I., Sides, A., 1978. Some physico-chemical aspects of the effect and the role of

the filler in bituminous paving mixtures. J. Assoc. Asphalt Paving Technol. 47, 558–588.

Delaporte, B., Di Benedetto, H., Chaverot, P., Gauthier, G., 2007. Linear viscoelastic properties

of bituminous materials: from binders to mastics. J. Assoc. Asphalt Paving Technol.

76, 455–494.

Farrar, M.J., 2013. Discussion AIP Gc* kinetics, White paper for NCHRP 9-54, National Coop-

erative Highway Research Program, Washington, DC.

Ferry, J.D., 1980. Viscoelastic Properties of Polymers. John Wiley and Sons, Inc., New York.

Glover, C.J., Martin, A.E., Chowdhury, A., Han, R., Prapaitrakul, N., Jin, X., Lawrence, J.,

2008. Evaluation of binder aging and its influence in aging of hot mix asphalt concrete:

literature review and experimental design, Report 0-6009-1. Texas Transportation Insti-

tute, College Station, Texas.

Han, R., 2011. Improvement to a transport model of asphalt binder oxidation in pavements:

pavement temperature modeling, oxygen diffusivity in asphalt binders and mastics, and

pavement air void characterization. Ph.D. Dissertation, Texas A&M University, College

Station, TX.

Houston, W.N., Mirza, M.W., Zapata, C.E., Raghavendra, S., 2005. Environmental effects in

pavement mix and structural design systems, NCHRPWeb-Only Document 113. National

Cooperative Highway Research Program, Washington, DC.

Huang, S.C., Grimes, W., 2010. Influence of aging temperature on rheological and chemical

properties of asphalt binders. Transp. Res. Rec. 2179, 39–48. http://dx.doi.org/10.3141/

2179-05.

Huang, S.C., Zeng, M., 2007. Characterization of aging effect on rheological properties of

asphalt-filler systems. Int. J. Pavement Eng. 8, 213–223. http://dx.doi.org/10.1080/

10298430601135477.

300 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0020
http://dx.doi.org/10.1016/j.fuel.2012.01.072
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0035
http://dx.doi.org/10.1016/0022-5096(79)90032-2
http://dx.doi.org/10.1016/0022-5096(79)90032-2
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0050
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0055
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0060
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0065
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0065
http://dx.doi.org/10.3141/2179-05
http://dx.doi.org/10.3141/2179-05
http://dx.doi.org/10.1080/10298430601135477
http://dx.doi.org/10.1080/10298430601135477


Hubbard, P., Reeve, C.S., 1913. The effect of exposure on bitumens. J. Ind. Eng. Chem.

5, 15–18. http://dx.doi.org/10.1021/ie50049a009.

Jemison, H.B., Burr, B.L., Davison, R.R., Bullin, J.A., Glover, C.J., 1992. Application and use

of the ATR, FT-IR method to asphalt aging studies. Pet. Sci. Technol. 10, 795–808. http://

dx.doi.org/10.1080/08843759208916021.

Kim, Y.R., 2003. Mechanistic fatigue characterization and damage modeling of asphalt mix-

tures. Ph.D. Dissertation, Texas A&M University, College Station, TX.

Kim, Y.R., Underwood, B.S., Sakhaei Far, M., Jackson, N., Puccinelli, J., 2009. LTPP com-

puted parameter: dynamic modulus, Final Report for Project: DTFH61-02-D-00139. Fed-

eral Highway Administration. Washington, DC.

Lee, D.Y., Huang, R.J., 1973. Weathering of asphalts as characterized by infrared multiple

internal reflection spectra. Appl. Spectrosc. 27, 419–490.

Lesueur, D., 2009. The colloidal structure of bitumen: consequences on the rheology and on the

mechanisms of bitumen modification. Adv. Colloid Interface Sci. 145, 42–82. http://dx.

doi.org/10.1016/j.cis.2008.08.011.

Liu, M., Lunsford, K.M., Davison, R.R., Glover, C.J., Bullin, J.A., 1996. The kinetics of car-

bonyl formation in asphalt. AIChE J. 42, 1069–1076. http://dx.doi.org/10.1002/

aic.690420417.

Lunsford, K.M., 1994. The effect of temperature and pressure on laboratory oxidized asphalt

films with comparison to field aging. Ph.D. Dissertation, Texas A&M University,

College Station, Texas.

Mirza, M.W., Witczak, M.W., 1995. Development of global aging system for short and long

term aging of asphalt cements. J. Assoc. Asphalt Paving Technol. 64, 393–430.

Mooney, M., 1951. The viscosity of a concentrated suspension of spherical particles. J. Colloid

Sci. 6, 162–170. http://dx.doi.org/10.1016/0095-8522(51)90036-0.

Petersen, J.C., 2009. A review of the fundamentals of asphalt oxidation: chemical, physico-

chemical, physical property, and durability relationships, Trans Res Circular, E-C140,

Transportation Research Board, Washington, DC.

Petersen, J.C., Harnsberger, P.M., 1998. Asphalt aging: dual oxidation mechanism and its inter-

relationships with asphalt composition and oxidative age hardening. Transp. Res. Rec.

1638, 47–55. http://dx.doi.org/10.3141/1638-06.

Petersen, J.C., Plancher, H., Harnsberger, P.M., 1987. Lime treatment of asphalt to reduce age

hardening and improve flow properties. J Assoc. Asphalt Paving Technol. 56, 632–653.

Petersen, J.C., Robertson, R.E., Branthaver, J.F., Harnsberger, P.M., Duvall, J.J., Kim, S.S.,

Anderson, D.A., Christensen, D.W., Bahia, H.U., 1994. Binder characterization

and evaluation volume 1, SHRP-A-367. Strategic Highway Research Program,

Washington, DC.

Prapaitrakul, N., 2009. Toward an improved model of asphalt binder oxidation in pavements.

Ph.D. Dissertation, Texas A&M University, College Station, TX.

Roque, R., Zou, J., Kim, Y.R., Baek, C., Thirunavukkarasu, S., Underwood, B.S., Guddati, M.

N., 2010. Top-down cracking of hot mix asphalt layers: models for initiation and propa-

gation, NCHRP Report 667. National Cooperative Highway Research Program,

Washington, DC.

Shalaby, A., 2002. Modelling short-term aging of asphalt binders using the rolling thin film

oven test. Can. J. Civ. Eng. 29, 135–144. http://dx.doi.org/10.1139/l01-086.

Tan, Y., Guo,M., 2014. Interfacial thickness and interaction between asphalt andmineral fillers.

Mater. Struct. 47, 605–614. http://dx.doi.org/10.1617/s11527-013-0083-8.

Thurston, R.R., Knowles, E.C., 1936. Oxygen absorption tests on asphalt constituents. J. Ind.

Eng. Chem. 28, 88–91. http://dx.doi.org/10.1021/ie50313a023.

Multiscale modeling and implications on oxidative aging 301

http://dx.doi.org/10.1021/ie50049a009
http://dx.doi.org/10.1080/08843759208916021
http://dx.doi.org/10.1080/08843759208916021
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf9000
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf9000
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0095
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0095
http://dx.doi.org/10.1016/j.cis.2008.08.011
http://dx.doi.org/10.1016/j.cis.2008.08.011
http://dx.doi.org/10.1002/aic.690420417
http://dx.doi.org/10.1002/aic.690420417
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0110
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0110
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0110
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0115
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0115
http://dx.doi.org/10.1016/0095-8522(51)90036-0
http://dx.doi.org/10.3141/1638-06
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0130
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0130
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0135
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0135
http://dx.doi.org/10.1139/l01-086
http://dx.doi.org/10.1617/s11527-013-0083-8
http://dx.doi.org/10.1021/ie50313a023


Tunnicliff, D.G., 1962. A review of mineral filler. J. Assoc. Asphalt Paving Technol.

31, 118–150.

Tunnicliff, D.G., 1967. Binding effects of mineral filler. J. Assoc. Asphalt Paving Technol.

36, 114–156.

Underwood, B.S., Kim, Y.R., 2012. Microstructural association model for upscaling prediction

of asphalt concrete dynamic modulus. J. Mater. Civ. Eng. 25, 1153–1161. http://dx.doi.org/

10.1061/(ASCE)MT.1943-5533.0000657.

Underwood, B.S., Kim, Y.R., 2013. Microstructural investigation of asphalt concrete for per-

forming multiscale experimental studies. Int. J. Pavement Eng. 14, 498–516. http://dx.doi.

org/10.1080/10298436.2012.746689.

Underwood, B.S., Kim, Y.R., 2014. A four phase micro-mechanical model for asphalt mastic

modulus. Mech. Mater. 75, 13–33. http://dx.doi.org/10.1016/j.mechmat.2014.04.001.

Underwood, B.S., Sakhaei Far, M.S., Kim, Y.R., 2010. Using limited purchase specification

tests to perform full linear viscoelastic characterization of asphalt binder. J. Test. Eval.

38, 558–567. http://dx.doi.org/10.1520/JTE102591.

Van Oort, W.P., 1956. Durability of asphalt—it’s aging in the dark. J. Ind. Eng. Chem.

48, 1196–1201. http://dx.doi.org/10.1021/ie50559a033.

Von Quintus, H.L, Scherocman, J.A., Hughes, C.S., Kennedy, T.W., 1991. Asphalt-aggregate

mixture analysis system, NCHRP Report 338. National Cooperative Highway Research

Program, Washington, DC.

Wright, J.R., 1965. Weathering: theoretical and practical aspects of asphalt durability.

In: Hoiberg, A.J. (Ed.), In: Bituminous Materials: Asphalts, Tars and Pitches, vol. 2. Inter-

science Publishers, New York (Chapter 8).

302 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0155
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0155
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0160
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0160
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000657
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000657
http://dx.doi.org/10.1080/10298436.2012.746689
http://dx.doi.org/10.1080/10298436.2012.746689
http://dx.doi.org/10.1016/j.mechmat.2014.04.001
http://dx.doi.org/10.1520/JTE102591
http://dx.doi.org/10.1021/ie50559a033
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0190
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0190
http://refhub.elsevier.com/B978-0-08-100269-8.00009-X/rf0190


10Moisture damage in

asphaltic mixtures
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Stockholm, Sweden

10.1 Introduction

The development of sustainable road infrastructure requires, among other things, the

construction of asphalt pavements with enhanced durability characteristics. From the

moment of construction and continuing during their service life, asphalt pavements

are continuously exposed to a combination of traffic loading and environmental

influences. Environmental conditions such as fluctuating temperature, humidity, pre-

cipitation, oxygen, freeze-thaw cycles, and ultraviolet (UV) radiation influence the

material properties constantly. To counteract these influences, an increase in the

operational and maintenance costs is needed in order to fulfill the desired service life

of the pavement system. Global warming and climate change events such as temper-

ature extremes, high mean precipitation, and rainfall intensity may further increase the

probability and rate of pavement deterioration. There is thus a strong need to obtain an

improved understanding of the influence of environmental factors on the long-term

performance of asphalt pavements. Of all the potential damages, moisture damage

has been identified as a major contributor to premature failure of asphalt pavements

and can result in various distresses such as stripping, raveling, rutting, and cracking.

Figure 10.1 illustrates the effect that water can have on pavement-wearing courses.

An improved understanding of moisture-induced damage phenomena in asphalt

pavements can have a significant impact on road maintenance expenditure, particularly

in countries that suffer from large amounts of rainfall. Even though the mechanisms

related to moisture damage were identified in the early 1970s, they are today still

not understood to the extent that we have been able to mitigate the problem. Current

moisture-damage sustainability evaluationmethods for asphalt mixtures are still primar-

ily based on the empirical test methods, and the pavement engineer today does not have

many new tools to assist him or her in preventing moisture damage at large or to make

accurate moisture damage predictions. In the recent past, however, focused computa-

tional methods were developed to characterize and predict the moisture sensitivity of

asphalt mixtures, based on the fundamental and theoretical mechanisms. From a prac-

tical point of view, some additives (e.g., hydrated lime and amines) have been used in

asphalt pavements to minimize moisture-damage-related distresses. But more new and

efficient additives and field techniques are still required.
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This chapter focuses on moisture damage in asphalt mixtures (hot mix asphalt

mixtures, unless otherwise specified), aiming to give a comprehensive overview of

the mechanisms, modeling, characterization, and prevention of moisture damage.

The potential trends of research on moisture damage in asphalt mixtures in the future

are discussed. Though we have tried to be comprehensive in our references, our main

aim was to categorize the current developments and possibilities to further stimulate

research and transfer to practice. Furthermore, we would like to note the importance

of frost heave and freeze-thaw damage as a part of the family of moisture-induced

damage mechanisms, which we have not included explicitly in this chapter, as there

already exist comprehensive books on these subjects.

10.2 Moisture1 damage in asphalt mixtures

Moisture damage is a rather complicated mode of distress in asphalt pavements, due to

the combination of physical, chemical, thermodynamic, and mechanical processes

(Caro et al., 2008a; Kringos et al., 2008a) that occur during the interaction of water

with the asphalt constituents. A great number of factors, such as the physicochemical

properties of bitumen and aggregates and their interaction, the mixture characteristics

(percentage, size, and interconnectivity of air voids and hence permeability), type of

traffic loading, and quality control during construction, can influence the susceptibil-

ity of a mixture to moisture damage. The variability of the abovementioned factors

introduces a higher level of complexity to the problem and causes additional difficul-

ties in predicting and preventing moisture-induced damage in asphalt pavements.

What further complicates the “clear” identification of moisture damage is that it is

Figure 10.1 Deteriorated pavements due to water-induced damage. (a) Raveling caused

by segregation. (b and c) pothole formation.

Reprinted from Pavement Interactive (http://www.pavementinteractive.org/).

1 The termsmoisture and water are used interchangeably throughout this chapter. However, water refers to

the liquid state of water, while moisture to the vapor state; when necessary, a clear distinction between

them is made.
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highly coupled to “other” damage mechanisms, and moisture can induce the start of

new or the aggravation of existing damage mechanisms. To thus clearly define the

resulting visible damage as “moisture damage” becomes challenging, and it becomes

important to explain the mechanisms themselves.

As illustrated in Figure 10.2, water can accumulate in asphalt pavements due to a num-

ber of reasons (Kandhal, 1992). The most common source is atmospheric precipitation,

which supplies water in the form of rainfall, hail, mist, or dew. Water enters the body of

the pavement through its surface discontinuities. Specifically, the air voids and cracks in

the surface of a pavement, the shoulder edges, and the joints formed between adjacent

asphalt mats during construction provide easy access paths for surface water. Alterna-

tively, water can enter into pavement structures due to capillary action, water vapor

movement, or upward flow from a high groundwater table or an artesian aquifer. In

the case of open-graded pavements (also named drainage asphalt or silent asphalt), the

top mixtures are designed to have high levels of interconnected air voids to enable the

fast drainage of the surface water. In this section, the mechanisms related to moisture-

induced damage and the theories describing the cohesion of asphalt binder and its inter-

actions with mineral aggregates under the influence of moisture are discussed.

10.2.1 Mechanisms associated to moisture damage

Moisture damage in asphalt pavement is most visible through the loss of aggregates

(named stripping or raveling) and the appearance of potholes on its surface. Though

the failure of adhesion between different pavement layers (partly) due to moisture

infiltration can be the cause of the latter damage, potholes can also be caused by a

similar mechanism as raveling—namely, the loss of the bond between the mineral

aggregate and the asphalt binder (i.e., bitumen plus mineral filler) and/or the loss

of strength and stiffness of the mastic itself (Kiggundu and Roberts, 1988). These

are often referred to as adhesive and cohesive failure modes, respectively. In the lit-

erature, five mechanisms are proposed in an attempt to explain moisture damage:

detachment, displacement, spontaneous emulsification, pore pressure development,

and hydraulic scouring. Depending on the traffic loading and environmental

Capillary
action

Vapor
movements

Through surface discontinuities

Seepage from 
high ground

Rising water table

From edge

Water table

Figure 10.2 Sources of moisture in pavement structures.

After Christopher et al. (2006).
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conditions, the binder and aggregate characteristics, and mixture type, one damage

mechanism or a combination thereof can lead to adhesive or cohesive failure.

Majidzadeh and Brovold (1968) define detachment as the separation of the bitumi-

nous film of the aggregate surface due to the presence of water, assuming a continuous

film without the presence of cracks. In this case, the existence of moisture in the inter-

face can be only attributed to the molecular process of diffusion (Cheng et al., 2003).

According to Kringos et al. (2008a), when a bituminous film is exposed to a moist envi-

ronment, moisture gradually starts infiltrating through the film toward the adhesive

interface zone. Depending on the moisture diffusion characteristics and on the thickness

of the bituminous film, the amount of moisture in the interface varies with time. Once

moisture reaches the interface, it will progressively cause stripping of the asphalt binder

from the aggregate. Figure 10.3 shows a schematic of the diffusion process.

An additional mechanism that also results in separation of the binder film from the

aggregate is displacement (Tarrer and Wagh, 1991). In this case, stripping of the

binder from the aggregate surface involves a disruption in the bituminous film.

Two possible explanations are given for the detachment and displacement mecha-

nisms, based either on thermodynamic or chemical considerations. These theories

are discussed in detail later in this chapter (see Section 10.2.2).

Stuart (1990) and Labib (1992) refer to spontaneous emulsification as an additional

moisture-induced damage mechanism. Generally, spontaneous emulsification occurs

when two immiscible liquids emulsify without the aid of any external thermal or

mechanical energy source (López-Montilla et al., 2002). Depending on the nature

of the liquids involved, it may take from a few minutes to several days for the

process to complete. Davies and Rideal (1963) discussed three mechanisms by which

spontaneous emulsification can be produced: interfacial turbulence, negative interfa-

cial tension, and “diffusion and stranding.” According to the diffusion theory, during

the diffusion process, regions of local supersaturation are produced, and emulsion

droplets are formed due to phase transformation at those regions. For asphalt mixtures,

it has been observed that long conditioning periods can cause emulsification at the

surfaces of the samples, which are in direct contact with water. In this case, water

diffuses into the asphalt specimen, weakens the binder, and forms water-bitumen

emulsions for asphalt binders that are unstable in water.

Hydraulic scouring is reported as an additional water damagemechanism. The action

of a vehicle tire over a saturated pavement can cause abrasion of the asphalt binder from

Figure 10.3 Damage of the asphalt binder and the binder–aggregate interface due to moisture

diffusion.

After Varveri et al. (2014).
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the aggregates, resulting in fine aggregates to become loose and ultimately dislodge

from the pavement. This mechanical scraping can be aggravated by the presence of

abrasives, such as dust, on the surface of the pavement (Asphalt Institute, 1987).

Unlike hydraulic scouring, which is a phenomenon that occurs at the pavement sur-

face, the repeated action of traffic loading over a saturated pavement can result in

excessive pressure buildup in the macropores or internal erosion of the binder due

to the presence of water flow, depending on the drainage conditions. The latter process

is also mentioned as desorption and modeled via an advective transport model

(Kringos et al., 2008a). Generally, it is assumed that the permeability of a pavement

is proportional to its air void content. Choubane et al. (1997), Cooley et al. (2001), and

Chen et al. (2004) performed falling-head permeability tests on dense- and open-

graded asphalt mixtures. In every case, an exponential relationship was found to exist

between permeability and air-void content, as shown in Figures 10.4–10.6.

In reality, permeability is affected also by other factors, such as aggregate gradation

and shape, lift thickness, density homogeneity, and compaction method (Mallick

et al., 2003; Caro et al., 2008a). However, it has been shown that the air void content

has a strong effect on permeability, and therefore on the susceptibility of asphalt

mixtures against water damage. Additionally, the design of a mixture and conse-

quently its permeability characteristics dictate the occurrence of either pressure

development or binder erosion. In the undrained case, at which water is entrapped

in the air-void network of the pavement, water will dilate and contract due to the

incompressibility of the liquid under the effect of dynamic traffic loading and will

encourage high pressure in the saturated pores, which may cause additional stresses

in the material. The process of the pore pressure buildup will ultimately lead to the

cracking of the binder film or the growth of the microcracks in the asphalt mixture, thus

facilitating the ingression of water to the interface of the asphalt binder with the aggre-

gate, as shown in Figure 10.7. In the literature, this phenomenon is referred to as pump-

ing action (Taylor and Khosla, 1983; Kiggundu and Roberts, 1988; Kandhal, 1992).
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After Cooley et al. (2001).

Figure 10.7 Cracking of the asphalt binder due to pumping action.

After Varveri et al. (2014).
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On the other hand, high permeable pavements have a high percentage of air voids that

are interconnected and allow water to flow through the pore network. The design of

pavements with high permeability ensures the reduction of surface runoff and improves

driving safety. However, the action of fast water flow through the interconnected pores

may create an erosion effect due to the high water pressure gradients against the binder

film (Kringos et al., 2008a).

Though pumping action could often be related to mixtures with nonconnected air

voids, one can also consider that open-graded mixtures that originally start with good

connected air voids will eventually clog with dirt from the pavement surface, thus

increasing the risk of trapped water. Open-graded mixtures can therefore first be

exposed to a dominant erosion issue, followed by a pumping action challenge over

time, when some of the permeability reduces. But it could be hypothesized that ero-

sion of mastic is also a function of the age of the mastic film, depending on the start

properties and the moisture diffusion propensity.

10.2.2 Adhesion and cohesion failure theories

In the previous section, the basic water damage mechanisms in asphalt mixtures

were discussed in relation to their mode of infiltration. In general, moisture damage

reveals itself through two modes of failure: adhesion and cohesion. Adhesion is

defined as the attraction process between unlike molecules that are brought into

contact in such a way that the adhesive binds to the applied surface or substrate.

In contrast, cohesion is the attraction between similar molecules, mainly as the

result of chemical bonds that are formed between the individual components of

the substance. Thus, in bituminous mixtures, cohesion may be defined as the inter-

nal strength of the asphalt binder due to various interactions that keep the mass

together, whereas adhesion is the bonding of the mineral aggregate with the asphalt

binder due to various interactions at the aggregate–binder interface. The adhesion

and cohesion failure modes are shown schematically in Figure 10.8. Considering

that the load-carrying capacity of the mixture comes from the aggregate skeleton,

and the ability of the mixture to dampen the traffic loads (thus making asphalt very

comfortable to drive over) comes from the mastic matrix, the adhesive and cohesive

bonds are equally important and should be maintained at a high quality for as long

as possible.

In the following section, adhesion and cohesion theories are briefly discussed.

According to Terrel and Shute (1989), four main theories exist to fundamentally

describe adhesive bonding between aggregates and asphalt binders: chemical bond-

ing, molecular orientation, thermodynamic theory, and mechanical theory. Also,

the weak boundary layer theory (Bikerman, 1967) is used to describe poor adhesion

in aggregate–bitumen systems.

The thermodynamic theory suggests that adhesion occurs due to the molecular con-

tact between adhesive and substrate and the interfacial forces that develop between

them. The degree of contact between the two materials is governed by their wetting

characteristics, which in turn depend on the relative surface energies of the adhesive

and substrate materials. A high degree of wetting is essential for attaining good

adhesive bonding. The work of adhesion, under ideal circumstances, is the reversible
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thermodynamic work that is needed to separate two materials from each other. Phys-

ically, it shows the level of attraction between two materials: the higher the work of

adhesion between the materials, the more thermodynamically stable the bond between

them. Equation (10.1) shows the work of adhesion W for a solid–liquid combination.

This relation was proposed by Dupré (1869):

W ¼ gs + gl� gsl (10.1)

where gs and gl are the surface energy of the solid and liquid phases, respectively, and
gsl is the interfacial surface tension. A relative measure of surface energy is contact

angle y, which is the angle between the tangent to the solid–liquid interface and

the tangent to the liquid–air interface, as shown schematically in Figure 10.9. In prin-

ciple, the smaller the contact angle, the lower the surface tension of the liquid and the

greater the degree of wetting allowed. Contact angles greater than 0° but less than 90°
(i.e., 0°<y<90°) relate to high wettability, whereas values that exceed 90° relate to
low wettability, a process sometimes referred to as dewetting. In the second case,

droplets of liquid will form on the substrate surface (da Silva et al., 2011).

Figure 10.8 Adhesive and cohesive failures due to water damage.

After Varveri (2015).

gsl

glv

gsv

q

Figure 10.9 Equilibrium contact angle on an ideal surface.

After Bonn et al. (2009).
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There are different techniques for measuring the contact angles required for the

calculation of the surface energy of materials. Bagampadde et al. (2004) provide a

summary of the methods used to determine surface and interfacial tension; see

Table 10.1. The applicability of the techniques depends highly on the physical state

of the material (i.e., liquid or solid) as well as on the temperature at which the surface

energy needs to be determined; consequently, every single technique has its own

limitations (van Lent, 2013).

Earlier, a surface energy approach for the determination of the thermodynamic

properties of various bitumen and aggregate types was developed (Cheng et al.,

2002; Little and Jones, 2003; Lytton et al., 2005; Masad et al., 2006; Bhasin and

Little, 2007). Based on this methodology, the nonpolar (Liftshitz–van der Waals)

and the polar (acid–base) components of surface energy were determined and associ-

ated to fracture and healing processes in bituminous mixtures. Cheng et al. (2002)

stated that water increases the polar component and reduces the total fracture bond

Table 10.1 Various methods for the determination of surface
and interfacial tensions

Method u
Static

values

Dynamic

values

Surface

tension

Interfacial

tension

High T, p

capability

Jaeger bubble

pressure

� √ � √ � √

Capillary rise � √ � √ � �
Wilhelmy plate

apparatus

√ √ � √ √ �

DuNouy ring

tensiometer

� √ � √ √ �

Drop weight � √ � √ √ √
Drop volume � √ � √ √ √
Pendant drop � √ √ √ √ √
Free hanging thread � √ � √ � �
Sessile drop √ √ √ √ √ √
Oscillating jet � √ √ √ � �
Spinning drop � √ � √ √ �
Max. bubble pressure � √ √ √ √ √
Captive drop � √ � √ � �
Surface laser light

scattering

� √ √ √ � √

Tilting plate √ √ � √ √ �

� shows lack of capability of the technique to determine the respective property.
√ refers to capability of the technique to determine the respective property.
� means that the technique gives approximate value of the respective property.
T¼ temperature and p¼pressure.
Source: Bagampadde et al. (2004).
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energy; consequently, it is beneficial to have a greater polar acid–base component and

a lower nonpolar component.

Lytton et al. (2005) performed surface energy measurements utilizing the Universal

Sorption Device (USD) and theWilhelmy plate (WP) tests. The surface energies of var-

ious bitumen and aggregate types were determined, and the adhesive bond energy of the

bitumen–aggregate interface was calculated under dry and wet conditions. The work of

adhesion was found to be negative in the presence of water for the majority of bitumen–

aggregate systems, as shown in Table 10.2. The results indicate that water damage is a

thermodynamically favorable phenomenon; thus, the asphalt–aggregate bond stability

is compromised in the presence of water.

Later, Kringos et al. (2008c) determined the work of adhesion as well as the

mechanical strength of the bond for six different combinations of aggregates and

unmodified as well as modified asphalt binders. The results of both approaches were

used as a screening tool, by which a selection of the optimum combinations of asphalt

binders and aggregates was performed. A comparison between the rankings resulted

Table 10.2 Work of adhesion at the asphalt–aggregate interface
in dry and wet conditions

Mixture

ID

Aggregate

type

Adhesive wet (erg/cm2) Adhesive wet (erg/cm2)

DGa

Dry

DGLW

Dry

DGAB

Dry

DGa

Wet

DGLW

Wet

DGAB

Wet

1 Granite 140.61 57.10 83.51 �193.99 �4.91 �189.08

2 Granite 104.72 72.97 31.75 �228.93 �1.09 �230.02

3 Quartzite 114.0 54.38 59.62 �139.43 �7.42 �132.01

4 Light

sandstone

91.57 55.09 36.48 �61.99 �7.66 �54.34

4 Dark

sandstone

103.38 55.75 47.63 �95.25 �7.88 �87.36

5 Gravel 93.36 53.77 39.59 �75.20 �7.21 �68.0

5 TXI

limestone

118.87 53.95 64.92 �151.14 �7.27 �143.87

6 Light

sandstone

99.61 74.51 25.10 �53.49 �0.29 �53.78

6 Dark

sandstone

107.31 75.40 31.90 �90.86 �0.30 �91.16

7 Limestone 87.49 83.42 4.07 �115.58 �4.76 �120.34

7 Gravel 94.56 87.26 7.29 �160.22 �5.33 �165.55

8 Limestone 81.27 66.0 15.27 �119.82 �1.98 �117.84

8 Gravel 90.92 69.04 21.89 �161.87 �2.22 �159.65

Notes: DGa denotes the Gibbs free energy of adhesion; DGLW and DGAB denote the Lifshitz–van der Waals and the
acid–base components, respectively. DGa results from the addition of the individual components.
Source: Lytton et al. (2005).
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from the work of adhesion, as calculated from the thermodynamic theory, and themea-

sured bond energy from the direct tension tests was made. From this research, it was

argued that though the thermodynamic properties could not be used to directly quantify

the engineering strength, they were capable of identifying the best and the worst com-

binations, and they found moisture-resistance performance ranking similar for both

approaches. Only the binder–aggregate combination that included highly modified

mastic gave a considerable difference in the ranking between the two approaches;

in this case, the measured bond strength showed a better ranking than the surface

energy approach. From this, it was hypothesized that polymers create a different type

of bondingwith the stones, which cannot bemainly described by surface energy forces.

It could be commented here that all the standard surface free energy (SFE) models

are simplifications based on one or two assumed dominating types of interaction.

However, to get the true interaction, all electromagnetic interaction (static and

dynamic) between the molecules at all frequencies should be integrated. The acid–

base model assumes that electrostatic forces are dominating, that is, that permanent

charge separations (permanent dipoles to ions) are the main contributors to the inter-

action. Where this is not the case (e.g., most commodity polymers), models that divide

the interaction into a dispersive and a polar parts make a better fit. Bitumen is by and

large a nonpolar material, and therefore, this second type of model can be found to

apply best. The Strategic Highway Research Program (SHRP) experimentally con-

cluded that about two-thirds of the adsorption energy of bitumen on aggregates

was dispersive in nature, and one-third was polar. Based on these observations, one

should be careful in applying the acid–base theory from adhesive technology directly

to bitumen, as modern adhesives are based on the very polar polymers.

Until now, most research studies have determined the contact angles and surface

tension for various bitumen–aggregate combinations macroscopically, considering

bitumen as a continuous material. In a recent study, Fischer et al. (2012) investigated

the interaction of the individual components of bitumen microstructure with the inter-

face of solid particles using atomic force microscopy (AFM). For the measurements,

pen grade 70–100 bitumen and four flat mineral surfaces (i.e., mica, limestone, mar-

ble, and quartz glass) representing different asphalt filler materials were used. Two

different microstructural phases of bitumen, sometimes referred to as the catana

phase/peri phase and the perpetua phase, were considered. The different constituents

of the phases within bitumen were expected to interact differently with the solid aggre-

gate surfaces, according to their chemical nature. The results showed that all measured

contact angles were low (from 4° to 14°), showing a good wetting of the mineral sur-

faces by bitumen.

For all cases, the contact angles determined for the catana phase/peri phase were

found to be smaller than the contact angles determined for the perpetua phase, indicating

that the peri phase/catana phase, compared to the perpetua phase, has a greater affinity

for the substrate (Figure 10.10). Also, it was observed that there was no difference in the

wetting abilities of bitumen onto dry mineral surfaces with different surface chemistry;

possibly, more important for the adhesion strength between mineral surfaces and

bitumen is the surface texture of themineral. Khan et al. (2014) further investigated pure

minerals using the sessile drop method. From this work, utilizing Fowke’s additive
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nature of the forces, bitumen and water were found to roughly equally strongly be

adsorbed to plagioclase and calcite, whereas water was found to displace bitumen from

quartz, gypsum, potassium feldspar, and mica surfaces.

According to the molecular orientation theory, the molecules in asphalt binder ori-

ent themselves in the direction of polarization of the aggregate ions in order to min-

imize the repulsion energy developed between them (Hicks, 1991). The various

functional groups of bitumen migrate toward the aggregate surface, resulting from

the electric field caused by the dipole charges of the functional groups on the aggre-

gate surface. The bitumen functional groups align in accordance with the electrical

field around the aggregate (van Lent, 2013). Because of the high polarity of water mol-

ecules, the surface of the aggregate tends to prefer water against bitumen, thus causing

a debonding in the aggregate–binder interface.

The chemical-bonding theory suggests that adhesion depends on the pH and

the chemical reactions between the functional groups of both the aggregate and the

asphalt binder. Some believe that these bonds produce new compounds upon forma-

tion (Kiggundu and Roberts, 1988). Tarrer and Wagh (1991) state that changes in the

pH of the microscopic water accumulations at the mineral aggregate surface can alter

the type of polar groups adsorbed, thus leading to the buildup of negatively charged

electrical double layers on the aggregate and asphalt interface. Consequently, the

drive to reach equilibrium attracts more water and leads to physical separation of

the asphalt from the aggregate.

An additional theory that is used to describe adhesive failure in the aggregate–

binder interface is the weak boundary layer theory. According to this theory, adhesive
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failures may occur due to the presence of an interface region of low cohesive strength

(Packham, 1992). Examples of weak boundary layers in asphalt mixtures involve sur-

faces of aggregates containing much dust or other dissolvable compounds in specific

environments. Labib (1992) states that the weak boundary layer that is responsible for

failure may be intrinsic to the aggregate; alternatively, the outer layers of the aggre-

gate may become weak due to the formation of complexes between the aggregate sur-

face and the binder’s surface groups.

The mechanical theory describes adhesion as the mechanical interlocking of

asphalt binder to the aggregate surface. Hot bitumen flows and penetrates the micro-

cavities, pores, and other irregularities on the aggregate. When the binder hardens,

both substrates are held together mechanically, similar to a turned key in a lock that

cannot be pulled out easily. It is generally accepted that aggregates with porous,

slightly rough surfaces enhance the mechanical interlocking effect and promote a bet-

ter adhesive bond (Hefer and Little, 2005). One way that roughness benefits adhesion

is by increasing the contact surface between the aggregate and the binder. Considering

that interfacial interaction is important for adhesion, an increase in the surface area,

possibly by a very high factor, raises the surface energy when expressed per unit of

nominal area (Packham, 2003). However, because the roughness of the aggregate

affects its wettability characteristics, aggregates with increased surface texture may

result in incomplete wetting by the bitumen (Hefer and Little, 2005).

In contrast to the aforementioned theories that describe adhesive failure between

asphalt binder and aggregates, cohesion failure refers to failure within the asphalt

binder itself due to the interaction with water or moisture. Cohesion is defined as

the internal strength of the binder due to the intermolecular forces between similar

molecules and is influenced by the binder’s rheological properties. Moisture enters

into the binder film through diffusion and, due to physicochemical interactions,

softens the binder, and therefore, reduces its cohesive strength and stiffness (Hicks,

1991). Cohesive failure can occur due to spontaneous emulsification and expansion

of the void system due to saturation (Stuart, 1990). Additionally, the weakening of

the binder due to moisture alters its desorption characteristics and can actually assist

the erosion effect due to fast water flow, sometimes referred to as dispersion of the

binder (Kringos et al., 2008a).

Das et al. (2014) performed extensive aging studies of bitumen samples in which

oxygen and ultraviolet (UV) aging were considered. They formulated a hypothesis

that when bitumen is exposed to air or sunlight, the combination of oxidation and

UV radiation may create a thin film of less soluble (in n-alkane medium) hydrocarbon

molecules upon the exposed surface. Because these aging products are mainly polar

compounds, they posed that the thin film might be soluble in water. To validate their

hypothesis, they performed aging experiments, where bitumen samples were exposed

to air and UV conditioning for 30 days, after which they were carefully washed with

distilled water. Before and after the conditioning and washing, the samples were

investigated under the AFM. From this, the authors concluded that UV aging can

indeed create a water-soluble film. These findings mean that the mastic films would

get thinner and thinner over time (on the top of the pavement), making moisture infil-

tration a larger problem. This, combined with an increasing brittleness of the asphaltic
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mix given the thinner films that get more susceptible to aging, could have severe con-

sequences of fast and unexpected deterioration of the overall structure. From this

work, it can be concluded that more studies are needed in which the interplay between

asphalt material aging and moisture-induced damage is investigated.

10.3 Constitutive modeling of moisture damage

Constitutive modeling is an important way to help understand the possible fundamen-

tal processes that govern moisture damage and to identify the key factors that control

these processes in asphalt mixtures. With the advent of today’s computer power, com-

putation times and space issues have largely been reduced. An effective model can be

used to estimate in-time performance of asphalt pavements under specific environ-

mental conditions and traffic loading. This means that, relatively fast and at low cost,

a great variety of parameters can be investigated before the structure is actually built.

This allows for new material and new designs to be investigated, and the risks

involved with these to be minimized. Validation of such models must, of course,

be rigidly applied for great confidence in the outcomes of such models.

In this following section, the constitutive models specifically developed to simulate

moisture damage phenomena in asphalt mixtures are discussed, as they take into

account the previously described mechanisms.

10.3.1 Modeling of water flow and pumping action in asphalt
mixtures

In the previous sections, it was stated that the introduction of moisture in the pavement

can assemble a water flow pattern inside the asphalt mixtures (especially in the case of

open-graded mixtures). Numerical modeling of flow fields can thus help one to under-

stand the nature of moisture flow and its relationship with the structure and permeabil-

ity of the mixtures. The possible flow velocity and pressure ranges can then become

important parameters for understanding the flow patterns, and assist further simula-

tions of moisture damage at the microstructural level.

Researchers (Kutay et al., 2007a,b; Masad et al., 2007) have developed three-

dimensional (3D) numerical models to simulate moisture flow into asphalt mixtures,

using incompressible fluid flow models. The results showed that most asphalt

mixtures have anisotropic and heterogeneous internal pore structures; subsequently,

the horizontal permeability of asphalt mixtures could be several times higher than

the vertical permeability, as shown in Figure 10.11. Until that time, only vertical per-

meability of asphalt mixtures was characterized, and realizing the possible dominance

of the horizontal water movement was an important improvement in the understanding

of water infiltration into asphalt pavements.

However, the aforementioned models did not consider the effects of traffic loading.

As discussed in the previous sections, moving wheel pressure can create fast water

flow fields in asphalt mixtures by pumping action. Kettil et al. (2005) implemented
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a porous media formulation using the finite element method (FEM) to simulate water

flow induced by the moving wheel on a saturated asphalt pavement. For the simula-

tions, a two-dimensional (2D) mesh of a three-layer pavement system was employed.

For the top layer, two variants of asphalt mixtures were used, which differed in terms

of their stiffness, porosity, and permeability: a “hard” mixture with low porosity, high

stiffness, and low permeability and a “soft” mixture with high porosity, low stiffness,

and high permeability.

From the simulation results, it was found that high water pressures, up to 2 MPa,

were developed for the “hard” mixture, while the relative water velocity was low. The

phenomenon of pumping action was observed for the “hard” asphalt; specifically, the

water was squeezed out from the asphalt mixture under loading and sucked back,

when the load was removed. In contrast, for the “soft” asphalt, water pressure was

found to be low, and the relative water velocity was higher than for the “hard” asphalt.

In this case, water flow was directed upward in front of the wheel loading and down-

ward behind the wheel loading. Figure 10.12 illustrates the displacement, water veloc-

ity, and pressure across and along the traffic direction for both mixtures.

Based on the moisture damage mechanisms discussed previously, two different

phenomena can be observed. For high permeable pavements such as the “soft” mix-

ture case, the effect of traffic results in the development of fast water flows that can

result in binder erosion. On the other hand, for pavements with low permeability, as is

the case for “hard” asphalt, water cannot flow through the pavement; as a result, high

pressures are developed in the saturated pores of the structure.

Kringos (2007) simulated the generation of water pressure in the macropores of

asphalt mixtures under traffic loading using a micromechanical mesh of two aggre-

gates coated with a binder film and a saturated pore between them. It was found that

under the imposed loading cycles, water pressure reached a local maximum value of

0.20 MPa, as shown in Figure 10.13. The extra stresses developed within the material

were found to possibly cause further mechanical damage.
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Considering that asphalt mixtures are exposed to water flows, Kringos (2007) mod-

eled the desorbed mastic particles that were eroded and being transported via the water

out of the mixture; therefore, they no longer contribute to the physical or mechanical

characteristics of the asphalt mixture. The loss of mastic concentration is a function of

the desorption coefficient Kd and was expressed by the normalized density of the

mastic

r̂¼ r x, tð Þ
ro

; (10.2)

where ro is the undamaged mastic density. This means that for r̂¼ 1:0, no mastic has

been lost, and in the extreme case of r̂¼ 0:0, all mastic is lost. The relationship

between the actual weakening of the material as a function of mastic density does

not have to be linear. The damage in the mastic film, due to loss of mass, is therefore

expressed as

dr̂ ¼ 1� r̂ar̂ ; (10.3)

where ar̂ is the moisture susceptibility parameter of asphalt mastic in the presence of

water pressure gradients. Based on this formulation, the loss of asphalt mastic was

simulated, as illustrated in Figure 10.14, under the defined loading cycles.

Figure 10.14 Loss of asphalt mastic after 10 loading cycles.

After Kringos (2007).
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10.3.2 Micromechanical modeling of combined
physical–mechanical moisture-induced damage

Moisture-induced damage in asphalt pavements results from a combination of differ-

ent deterioration processes, which can be divided into physical and mechanical, as

shown in Figure 10.15. However, as discussed earlier, it is the synergistic effects

of concurrently or successively acting environmental and mechanical loads that even-

tually result in stripping of aggregates from the pavements’ surface, or in more severe

damage forms such as raveling.

As soon as moisture is introduced into the structure of asphalt mixtures in the form

of liquid or vapor water, the infiltration of moisture into the materials becomes a crit-

ical process that needs to be understood. For dry aggregates well coated with a con-

tinuous mastic film without any cracks, moisture can only reach the binder–aggregate

interface by moving through the binder film (Cheng et al., 2003). This is of course

assuming that water was not already present in the system upon construction. The

movement of moisture through the binder can be hypothesized to be a process that

occurs at the molecular level and can be approached following Fick’s second law

of diffusion (Fick, 1855):

@C

@t
¼D�r2C (10.4)

where C is the current concentration in the material. The diffusivity of the material is

determined by the diffusion tensor D� , which is expressed as

D� ¼
X

i, j
Dij

~
ei�

~
ej ¼ amtdij (10.5)

Figure 10.15 Approach toward combined physical–mechanical moisture-induced damage

(Kringos, 2007).
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where am is the molecular diffusion coefficient, t is the tortuosity of the material, and dij
is the Kronecker delta. As moisture accumulates in the binder, its properties change,

thus causing a decrease in cohesive strength and consequently an overall reduction

in stiffness and strength of the asphalt pavement. Consequently, under the application

of mechanical loading, the degradation of the pavement due to moisture is revealed.

Over the years, constitutive models have been developed to simulate the response

of the bituminous materials under the combined effect of long-termmoisture diffusion

and mechanical loading. Although different geometries, material properties, and

constitutive models were used in these studies, all studies focused on the principle

of coupling the physical and mechanical processes into a single moisture-induced

damage model for asphalt mixtures.

Kringos (2007) developed a computational tool, named RoAM (raveling of asphalt

mixes), which was coupled with the finite element systemCAPA-3D, tomodel the com-

bined physical–mechanical moisture damage in asphalt mixtures. An elasto viscoplastic

model was adjusted to incorporate the degradation effects of moisture, and the resulting

damage was expressed in the form of equivalent plastic deformation parameter x. Mois-

ture diffusion through asphalt mastics can cause both adhesive and cohesive failures;

therefore, moisture damage functions were expressed, for all components of asphalt

mixtures (i.e., asphalt mastics, aggregates, and mastic–aggregate interfaces), as

dy ¼ f yð Þ (10.6)

where y is the moisture content, defined as the ratio of moisture concentration

with respect to the maximum moisture concentration that the material can absorb.

Expressions for the moisture damage functions were determined for both adhesive

and cohesive failures. Copeland et al. (2006, 2007) and Kringos et al. (2008b,c) studied

the relationship between moisture content and damage at the mastic–aggregate inter-

face. Based on these studies, it was postulated that the development of moisture damage

at the interface increases as a function of moisture concentration and can be defined as

dify ¼ 1� e�aify
ffiffi
y

p
(10.7)

where ay
if is the moisture susceptibility parameter of mastic–aggregate interfaces. The

susceptibility parameter for the particular mastic–aggregate combinations tested was

found to be aify ¼ 3:76. For simplicity and due to the lack of experimental evidence, the

evolution of damage for asphalt mastics due to the presence of moisture was at that

time defined as

dmst
y ¼ 1� e�amst

y

ffiffi
y

p
(10.8)

Based on the above, moisture diffusion and the resulting damage were simulated using

a 2D finite element mesh consisting of two stones, which was coated with a mastic

film. The aggregate–mastic interface was also modeled to simulate the response of

the adhesive bond. Figure 10.16 illustrates the infiltration of moisture into the asphalt

mastic and toward the mastic–aggregate interface, as modeled by Kringos (2007).
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In the simulations, moisture damage development within the aggregates was dis-

regarded; consequently, damage due to moisture diffusion was described by determin-

ing the moisture diffusion coefficients of asphalt mastics Dmst and the moisture

susceptibility parameters ay
mst and ay

if. As shown in the previous section, Kringos

(2007) considered also the effect of pumping action and binder erosion.

Caro et al. (2009) coupled the effects of moisture diffusion and mechanical loading

to quantify the level of damage within asphalt mixtures. Similarly, based on Fick’s

laws of diffusion, Caro et al. (2009) computed the moisture concentration profiles

in a finite element mesh, composed of two real-shaped coarse aggregates embedded

in continuous mastics, as shown in Figure 10.17. The results indicated that the diffu-

sivity characteristics of the asphalt matrix and aggregates, as well as the bond strength

of the aggregate–matrix interface, have great influence on the moisture susceptibility

of the mixtures.

The adhesive failures at the mastic–aggregate interfaces and the cohesive failure of

the mastic were simulated using the cohesive zone-modeling technique. Damage was

evaluated based on the location and time for crack initiation and propagation at the

mastic-aggregate interfaces and on the level of strains and stresses within the bulk

of asphalt mastics. Figure 10.18 illustrates the responses of two types of mastics

Figure 10.16 Moisture diffusion simulation with Dagg¼0.01 mm2/h and Dmst¼0.015 mm2/h.

After Kringos (2007).
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after mechanical loading for the dry case and for the moisture-conditioned cases. In

this model, the mechanisms of advective transport and pumping action were not

considered.

Graham (2009) modified the nonlinear viscoelastic–viscoplastic model developed

by Huang (2008) to couple the effects of moisture and mechanical loading on asphalt

mixtures. In this study, the moisture history was taken into consideration by introduc-

ing the moisture content as a function of time. However, Mehrara and Khodaii (2013)

stated that moisture-induced damage in asphalt mixtures may be partly healed during

the absence of moisture and suggested that a parameter related to the healing of the

material needs to be included.

Mastic with D1, 10 days Mastic with D1, 20 days Mastic with D1, 30 days

Mastic with D2, 10 days Mastic with D2, 20 days Mastic with D2, 30 days

Normalized
concentration

+1.000e+00
+9.167e–01
+8.333e–01
+7.500e–01
+6.667e–01
+5.833e–01
+5.000e–01
+4.167e–01
+3.333e–01
+2.500e–01
+1.667e–01
+8.333e–02
+0.000e+00

Figure 10.17 Normalized moisture concentration profiles for two mastics with different

diffusivity characteristics.

After Caro et al. (2009).

Mastic with D1, 10 days Mastic with D1, 20 days Mastic with D1, 30 days

Mastic with D2, 10 days Mastic with D2, 20 days Mastic with D2, 30 days

Response in dry
condition

(deformed and original
shapes)

Figure 10.18 Response of the aggregate–mastic system after application of the mechanical

loading of 0.2 N/s for a total time of 30 s for specimens subjected to different moisture-

conditioning periods.

After Caro et al. (2009).
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Finally, Varveri et al. (2015) developed a viscoelastic damage model that intro-

duces material damage as an internal state variable, which represents the irreversible

physical processes within the microstructure of the material. In this implementation,

damage was assumed to be a combination of moisture-induced damage and damage

due to mechanical loading. The evolution law for the mechanical damage was consid-

ered to be a function of the total dissipated viscous work W in the viscoelastic com-

ponent and was described as

dm ¼ 1� e�k�Wr

(10.9)

where k and r are damage-related parameters. Similar to the previous work, moisture

damage in the binder was defined as a function of moisture content at various times

and was described as

dy ¼ 1� e�a
ffiffi
y

p
(10.10)

According to Varveri et al. (2015), the response of asphalt mixtures is governed by the

contribution and the interaction of the various constituents as well as by their geomet-

rical characteristics. Specifically in the case of moisture diffusion, where air voids facil-

itate the ingress of moisture to the mastic and eventually to the aggregate–mastic

interface, the inclusion of the air-void phase in the numerical simulations of moisture

damage is critical. For that reason, in this study, three-dimensional (3D) microme-

chanical finite element meshes produced from X-ray computed tomography (CT) scans

were employed. Two different types of mixtures, a gap-graded (stone mastic asphalt

(SMA)) and open-graded (porous asphalt (PA)) mixtures, were scanned using X-ray

computed tomography, and their internal morphology was reconstructed by means of

advanced imaging techniques. From statistical analysis performed in both meshes,

the percentage of air voids was 4.4% and 23.7% for the SMA and the PA mixture,

respectively. In addition, it was found that pore connectivity reached almost 90% for

the PAmixture, while for the dense mixture only 10% of the pores were interconnected.

The analysis was performed in a staggered scheme: first, moisture diffusion simula-

tions were performed to determine the moisture concentration profiles of both mixtures,

and then the mechanical load was applied. The normalized moisture concentration pro-

files, along the diameter of the PA and the SMA specimens at different time intervals,

are shown in Figures 10.19 and 10.20, respectively. For the presentation of the results, a

number of nodeswere selected as output locations for themoisture concentration values.

All the selected nodes are lying on the diameter of the specimens and are located 1 mm

above the bottom surface of the samples. The results demonstrated the effect of air-void

content and connectivity on the amount of moisture that is present in an asphalt spec-

imen at any given time. After 5 days of diffusion, and for the same diffusivity properties,

it was shown that the porous mixture had greater values of moisture concentration com-

pared to the dense mixture, because of its higher total air-void content and the greater

diffusion rates associated with the air-void phase.

After each moisture-conditioning phase, the micromechanical finite element (FE)

meshes, with material characteristics updated for moisture damage, were subjected to
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mechanical loading. Loading was applied diametrically across the circular cross sec-

tion of the cylindrical specimen, replicating the loading conditions during an indirect

tensile test. The damage distribution for both mixtures after specified periods of mois-

ture conditioning is shown in Figures 10.21 and 10.22.

The results demonstrated the strong relationship between the amount of moisture in

the binder and the overall level of damage development in the asphalt mixtures.
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Figure 10.19 Moisture concentration profile within the PA specimen at different time intervals.

After Varveri et al. (2015).
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Figure 10.20 Moisture concentration profilewithin the SMA specimen at different time intervals.

After Varveri et al. (2015).
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Damage was found to be higher on those areas in the specimen that had their mechan-

ical properties already degraded by moisture. Also, by varying the properties of the

binder, it was indicated that the choice of mixture components less susceptible to

moisture damage is of paramount importance. For the porous mixture, the use of a

less moisture-sensitive binder resulted in lower reduction in strength, from 43% to

18.5%, compared to the dry case.

(a)

(d) (e)

(b) (c)

(f)

0.0

q

1.0
0.0

d

1.0

Figure 10.21 Moisture concentration and damage distribution in the porous mixture after

0 h (a and d), 48 h (b and e), and 120 (c and f) h of moisture diffusion.

After Varveri et al. (2015).

(a)

(d) (e)

(b) (c)

0.0

1.0

q

0.0

1.0

d

(f)

Figure 10.22 Moisture concentration and damage distribution in the dense mixture after 0 h

(a and d), 48 h (b and e), and 120 h (c and f) of moisture diffusion.

After Varveri et al. (2015).
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The aforementioned micromechanical models can assist researchers in drawing

insights toward the interactions of the various mixture constituents and the influence

of certain mixture variables on mixture properties, and subsequently their effect on

overall mixture performance. As stated earlier, moisture damage is a rather complex

pavement distress. Each mixture constituent has its particular physical properties that

control the long- and short-term moisture-induced damage mechanisms; conse-

quently, the rate of moisture ingress into the mixture is influenced, thus affecting

the rate of degradation. Varveri et al. (2015) demonstrated the effect of using binders

with high resistivity against moisture in the preparation of porous asphalt mixtures and

quantified the benefits that would arise due to this choice. Similarly, the mechanical

properties of mixture constituents can alter the response of asphalt mixtures. Given the

fact that asphalt is a composite material, one can understand the implications that arise

due to mix design. For example, the performance of an asphalt binder (i.e., bitumen

plus filler) with high filler content against moisture damage will be different compared

to that of a binder prepared with the same bitumen but lower filler content. In terms of

moisture damage physical processes, high filler concentration is associated with high

rates of diffusion in the binder (considering that bitumen has a lower diffusion coef-

ficient than the filler). On the other hand, a filler-rich binder will have a higher stiff-

ness compared to a binder with low concentration of filler particles. All these

variations play an important role in estimating the susceptibility characteristics of

asphalt mixtures. Micromechanical modeling can be used to perform sensitivity ana-

lyses aiming to develop new mixture designs with enhanced characteristics against

moisture damage, thus reducing the risk of failure.

Moreover, mixture susceptibility to moisture damage is affected by the geometrical

and morphological characteristics of the material microstructure. The use of microme-

chanical models, in contrast to macromechanical models, enables the investigation of

different mixtures types, such as gap- and open-graded mixtures. Imaging techniques

are used to capture the particularities of the internal structure, and a better understand-

ing of characteristics such as air-void connectivity, structure of the aggregate skeleton,

and binder film thickness can be attained.

It is expected that successfully developed micromechanical FE models constitute a

tool for the design of mixtures with optimized moisture susceptibility properties, and

allow the addition of newmaterials in mix design to be investigated. These models can

be used as computational platforms where simulations of laboratory tests can be per-

formed that will provide useful insights and practical recommendations to the pave-

ment community.

10.4 Experimental characterization and mixture design
of asphalt mixtures for moisture damage

10.4.1 Test methods to characterize moisture damage

Moisture susceptibility of asphalt mixtures can largely vary, depending on the mate-

rial component parameters, their interaction, their mix design, and their in-time deg-

radation. One can, for example, think of a mixture that has very low aggregate–stone
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bond strength, yet due to its designmoisturemay take such a long time to penetrate at the

interfaces that it may not be the most feared damage mechanism. Similarly, mixtures

that have very highmoisture permeability but a very slowmechanical degradation when

exposed to moisture may not be moisture sensitive. Therefore, it is crucial to determine

the degree-of-function loss for a given asphalt mixture and its individual components

under a relevant time frame. In terms of specifications and standards, threshold values

are usually expected to distinguish between materials that are susceptible, or not, to

moisture damage. The complexity of moisture-induced damage phenomena makes it

difficult to find a unique way to comprehensively evaluate and estimate the future per-

formance of the materials (Solaimanian et al., 2003). However, many test methods have

been developed to characterize the moisture susceptibility of asphalt mixtures (Airey

and Choi, 2002). In a review paper, Caro et al. (2008b) classified the developed test

methods into three categories based on their generic nature: subjective qualification,

quantification by a performance index, and tests that use the ratio of a single or multiple

performance parameters to assess moisture damage (moisture damage ratio (MDR)).

The various classifications are shown in Tables 10.3–10.6.

Of all the test methods, the modified Lottman test is the most popular for charac-

terizing moisture susceptibility of asphalt mixtures. The test resulted from the

Table 10.3 Subjective qualification tests

Test Reference Assessment of damage

Rolling bottle

method

CEN prEN 12697-11 Visual estimation of the amount

of binder retained in the mixture

Ancona

stripping test

Bocci and Colagrande (1993) Visual estimation of the total

percentage of material stripped

(Airey and Choi, 2002)

Boiling

water test

American Society for Testing and

Materials, ASTM D 3625

Visual estimation of the amount

of binder loss. Retained coating

between 85% and 90% is considered

acceptable

Film

stripping

California test 302-1999’ Visual estimation of the total

percentage of material stripped

Static

immersion

test

American Association of State

Highway and Transportation Officials,

AASHTO T182 ASTM D 1664

Visual estimation of the total area

of the coated aggregate as above or

below 95% (discontinued by ASTM)

Ultrasonic

method

Vuorinen and Valtonen (1999) Visual estimation of material

stripped. It can also include the

assessment of the weight of material

released from the aggregate

Chemical

immersion

test

Kennedy et al. (1983) Concentration of sodium carbonate

required to produce stripping

(identified visually). This value is

considered a measure of

adhesiveness

Source: Caro et al. (2008b).
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Table 10.4 Tests of quantification by a performance index

Test Reference Performance index (damage parameter)

First proposal of

ultrasonic method

Vuorinen and

Valtonen (1999)

Loss of weight of a polished stone test

specimen of 2 cm� 8 cm coated with 2 g of

asphalt binder after the application

of ultrasound under water (Airey and

Choi, 2002)

Ultrasonic-accelerated

moisture-conditioning

procedure (UAMC)

McCann and

Sebaaly (2001)

Percentage loss in weight of original sample

after subjecting it to an ultrasonic bath. The

lost material corresponds to small particles

of aggregate that are dislodged from larger

aggregates when ultrasonic energy is

applied

McCann et al.

(2005)

Recently, the authors proposed the use of

the rate at which the small particles are

released as the asphalt recedes along the

surface of the aggregate as a performance
index that characterizes damage

Net adsorption

test (NAT)

SHRP

Designation-001

Curtis et al. (1993)

Net adsorption is defined as the amount of

asphalt binder that remains on the aggregate

after aqueous desorption. The value is

measured based on the amount of binder

that is adsorbed onto the aggregate surface

from a toluene solution and the amount of

binder that is desorbed (i.e., removed) by the

addition of water to the mixture (Airey and

Choi, 2002)

Modified net

adsorption test

Walsh et al. (1996) Same principle as NAT but with

modifications in the preparation of the

aggregates (Airey and Choi, 2002)

Pneumatic pull-off Youtcheff and

Aurilio (1997)

Adhesive bond of asphalt binders based on

the burst pressure required to debond the

binder from a stone as a function of time

while exposed to water (tensile and bonding

strength in different moisture conditions)

(Solaimanian et al., 2003)

Texas freeze-thaw

pedestal method

Kennedy and

Anagnos (1984)

Thermal cycles required for causing crack

initiation in an asphalt mixture

Boiling water

stripping test

Belgium Road

Research Center

(BRRC)

Procedure ME

65-91

Stripping rate calculated from a calibration

curve of acid consumption against

percentage of uncoated material. The curve

is obtained from mixtures with coated and

uncoated aggregates in different ratios that

are subjected to chemical attacks

Continued
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Table 10.4 Continued

Test Reference Performance index (damage parameter)

Hamburg

wheel-tracking test

Texas Department

of Transportation

TxDOT standard

Tex-242-F, 2004

The test uses wheel tracking to simulate

traffic conditions on compacted specimens

that are immersed in water. Stripping is

identified with the presence of a sudden

inflection point in the plastic deformation

during the application of cyclic load

Moisture vapor

susceptibility (MVS)

California test 307,

1999

Stabilometer value at which the effect of

moisture on mixtures is imminent. The

stabilometer value is calculated following

the test C 366

Methylene blue test Ohio Department

of Transportation

(supplement 1052)

The test identifies the concentration of

plastic fines (including clay and organic

material) in the mix that can promote

emulsification of asphalt in the presence

of water (Kandhal et al., 1998)

Source: Caro et al. (2008b).

Table 10.5 Tests that use a single-parameter performance function
in MDR evaluation

Test/work

Standards/

references

Material property

used in the single-

index performance

function for MDR Comments

Lottman NCHRP 246,

Lottman (1982)

Indirect tensile

strength and stiffness

Modified Lottman AASHTO T283 Indirect tensile

strength and stiffness

Commonly known as

tensile strength ratio

(TSR)

Tunnicliff and Root

procedure

ASTM D 4867 Indirect tensile

strength

Commonly known as

tensile strength ratio

(TSR)

Duriez test NFP 98-251-1 Unconfined

compression strength

and Marshall

stability

Marshall stability

test

AASHTO T245 Marshall stability

Immersion

compression test

AASHTO T165,

ASTM D 1075

Compressive

strength (wet over

dry values)

The MDR in this case

is referred to as the

index of retained

strength (IRS)
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Table 10.5 Continued

Test/work

Standards/

references

Material property

used in the single-

index performance

function for MDR Comments

Bitutest protocol Scholz (1995) Indirect stiffness

modulus using the

Nottingham asphalt

tester

Environmental

conditioning system

(ECS) with

dynamic modulus

Al-Swalimi and

Terrel (1992);

NCHRP 9-19,

9-29, and 1-37

Dynamic modulus

using ECS

(Solaimanian et al.,

2003, 2006)

ECS with flow

number

Flow number using

ECS (Solaimanian

et al., 2003, 2006)

ECS with flow time Flow time using ECS

(Solaimanian et al.,

2003, 2006)

Flexural fatigue

beam test with

moisture

conditioning

Shatnawi et al.

(1995)

Fatigue life

following AASHTO

TP-8

Disk-shape

compact tension

(DCT) fracture test

Apeagyei et al.

(2006)

Fracture energy (Gf),

Fracture strength (Sf)

Dynamic

mechanical analysis

(DMA) of fine

aggregate mixtures

(FAM)a for

analyzing moisture

damage of mixtures

Song et al. (2005)

and Masad et al.

(2006a)

Fatigue life, Nf

(number of cycles to

failure under strain-

controlled

conditions)

Conducted on FAM

using torsion strain-

controlled

conditions. There is

no threshold value

that separates good

and poor

performance of

mixtures

Reduction in the

dynamic modulus at

fatigue life (G*/G¢)

Small values are

desirable

Static creep test Abo-Qudais and

Al-Shweily (2007)

Accumulated

microstrain

Comparison of

accumulated

microstrain after

60 min of loading

Pull-off test Copeland et al.

(2007)

Tensile strength of

the binder–rock

interface

Continued
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combination of the Lottman and Tunnicliff and Root tests. Other variants of the mod-

ified Lottman test method are being used all over the world. The test involves the com-

parison of a dry control set of samples with samples subjected to vacuum saturation

and freeze-thaw conditioning. The damage due to moisture is evaluated on the basis of

the indirect tensile strength test. The percentage loss of tensile strength of the mixture,

widely known as tensile strength ratio (TSR), is used to evaluate the moisture sensi-

tivity of the mixtures. The tensile strength ratio is expressed as

TSR %ð Þ¼ S2
S1

�100 (10.11)

where S1 and S2 are the average tensile strengths of the control and the conditioned set
of samples, respectively. The minimum TSR values, which are required to determine

if a mixture is moisture susceptible, are typically between 0.70 and 0.90.

However, despite the test’s popularity, modified Lottman test results are known to

be rather variable, not necessarily accurately describing moisture susceptibility. Sev-

eral drawbacks have been reported about the test: poor correlation with field perfor-

mance, high dependency on sample geometry, mechanical loading application that is

not representative of the actual conditions, and ineffective and long moisture-

conditioning protocols. Kringos et al. (2009) and Azari (2010) analyzed the moisture

infiltration process and the structural nature of the modified Lottman test. It was con-

cluded that the microcracks induced by the vacuum suction procedure may increase

the variability of the test. Also, the conditioning protocol of the test fails to capture the

time frame over which moisture infiltration occurs and disregards the short-term

moisture processes related to pumping action. This could thus lead to erroneous con-

clusions regarding moisture susceptibility of the mixtures, leading to moisture damage

sensitive pavements when applying these mixtures.

Table 10.5 Continued

Test/work

Standards/

references

Material property

used in the single-

index performance

function for MDR Comments

Saturation aging

tensile stiffness

(SATS)

Collop et al.

(2004) and Airey

et al. (2007)

Tensile stiffness

modulus

Calculated at 20 °C
using the Nottingham

Asphalt Tester (NAT)

Surface energy

measurements

(Wilhelmy plate

and Universal

Sorption Device)

Bhasin et al.

(2006a,b, 2007),

Masad et al.

(2006a), and Little

and Bhasin (2007)

Adhesive bond

between aggregates

and asphalt binders

(DGAS) and the

potential of water to

debond the asphalt

(DGWAS)

aFAM represent the fine matrix of asphalt mixture. They are composed by asphalt binder and the fine portion of the
aggregates (passing the sieve 1.18 mm).
Source: Caro et al. (2008b).

332 Advances in Asphalt Materials



Table 10.6 Examples of quantification using multiple parameter MDR

References MDR Function for MDR Tests required Indices for the performance function

Birgisson

et al. (2003)

MDR2 Nf number of cycles for the

crack to grow 1-in. long under

cyclic loading in Superpave

indirect tensile (IDT) test

Tensile strength, resilient modulus,

and creep compliance tests

Creep strain energy per cycle, creep

strain energy limit (to produce failure),

creep properties, and tensile strength

Birgisson

et al. (2004)

MDR3 ER Strength tests, resilient modulus,

and creep compliance tests

(Superpave IDT)

Tensile strength, resilient modulus,

fracture energy limit to failure,

dissipated creep strain energy (DCSE)

limit, and creep properties

Song et al.

(2005)

MDR4 Ratio between the apparent and

the initial shear modulus

Shear oscillation test in DMA Viscoelastic properties, change in

pseudostiffness, and reference shear

strain at each cycle

Zollinger (2005),

Masad et al.

(2006a), and

Caro et al. (2008)

MDR5

and

MDR6

Crack growth index Shear oscillation and relaxation

modulus in DMA; USD and WP on

aggregates and binders,

respectively

Viscoelastic properties (m and E1),

reference modulus, change of

pseudostrain energy with respect to load

cycles, and adhesive bond energy (from

the surface energy of aggregates and

binders)

Arambula

et al. (2007a,b)

MDR5 Crack growth model,

but including the material

tensile strength

Relaxation modulus, tensile

strength, repeated uniaxial tensile

in mixtures; USD and WP on

aggregates and binder, respectively

Viscoelastic properties (m and E1),

reference modulus, change of

pseudostrain energy with respect to load

cycles, and adhesive bond energy at the

aggregate–binder interface, tensile

strength

Source: Caro et al. (2008b).
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An attempt to evaluate the relationship between the performance of asphalt pave-

ments (as given by the pavement distress index (PDI)) in the field and the TSR values

measured in the laboratory was made by Kanitpong and Bahia (2008). The analysis

indicated that there was no relationship between the PDIs and the TSR values for

the total of 21 pavement sections under study. In addition, the TSR values could

not correlate to common distresses such as rutting and raveling, which are associated

to moisture damage. It was also reported that the TSR data could only show the effect

of antistripping additives, but again, they did not correlate to performance.

The relationship between permeability and tensile strength ratio was investigated

by Birgisson et al. (2005). Permeability was found not to correlate well with the TSR

values; this mismatch was attributed to the high variability of the indirect tensile test

and to the microstructural characteristics of the mixtures. Differences were also

observed during the saturation procedure of fine- and coarse-graded mixtures. The

requirement of a minimum level of saturation could not be achieved with the same

number of vacuum cycles for all mixtures. The researchers suggested that the mixture

should be subjected to a single vacuum saturation cycle and find its own level of sat-

uration that reflects better its physical sensitivity to moisture.

Overall, the test methods currently used to characterize a mixture in terms of its

sensitivity to moisture damage show poor repeatability and do not correlate well with

field observations. The development of a new test that simulates the relevant load

levels in the field and takes into account the various moisture failure mechanisms

in a relevant time frame is therefore necessary. Such a test could possibly provide

the asphalt community with results that can be used in performance prediction.

10.4.2 Parameter determination for modeling of moisture
damage

The standard mechanical asphalt tests today cannot provide the parameters necessary

for modeling moisture damage. Parameter determination for physicochemical models

involves the use of special tests that allow the measurement of more fundamental

material properties. The parameters required for modeling moisture-related processes

mainly include the measurement of moisture diffusion coefficients of mixture com-

ponents (aggregates and asphalt binders), as well as the desorption characteristics

of asphalt binders. Table 10.7 summarizes previous studies that were carried out

for the determination of the moisture diffusion coefficients of asphalt binders.

Among these studies, various methods were employed: monitoring the change of

total suction in specimens with time (Kassem et al., 2006), measuring the weight

increase of specimens after submerged under water (Vasconcelos et al., 2011), and using

gravimetric methods (Kringos et al., 2008b; Arambula et al., 2010; Apeagyei et al.,

2013). It is observed that there are differences in the measured values among the various

studies, which could be due to the differences in experimental setup and testing condi-

tions (Apeagyei et al., 2013), differences in the binder mixture, and slightly different

definitions of moisture diffusion and infiltration. Figures 10.23 and 10.24 illustrate

the experimental setups used by Kassem et al. (2006) and Arambula et al. (2010),

respectively.
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Table 10.7 Reported asphalt mastic diffusion coefficients

Reference

Blend proportions

(by weight)

D×10212

(m2/s)

Specimen characteristics and

experimental conditions

Kassem et al.

(2006)

Aggregate: 52.4%,

sandstone: 35.0%,

igneous screening:

4.6%, hydrated

lime asphalt: 8.0%,

PG 76-22

10.26 Cylindrical specimens, 50 mm in

diameter and 50 mm in height, sitting in a

shallow water bath at 25 °C, while
measuring the change in the logarithm of

total suction using a psychrometer

embedded in the middle specimen and

placed 5 mm above the bottom end of the

specimen. Aggregate size passing sieve

number 16 (1.18 mm). Air voids not

specified

Aggregate: 66.2%,

natural sand: 25.8%,

limestone sand

asphalt: 8.0%

(PG 64-22 and PG

64-28)

9.72 and

24.30

Kringos et al.

(2008c)

Aggregate: 50.0%,

crushed sand: 25%,

lime asphalt: 25%,

binder (Pen 70/100,

Cariphalt XS,

Sealoflex)

0.13–3.08 Gravimetric sorption method applied to

30�30 and 1 mm thick specimens placed

inside an 85% relative humidity chamber

at 25 °C. Aggregate size (top size

1.18 mm). Air voids not specified

Arambula

et al. (2010)

Aggregate: 47.3%,

diabase: 42.5%,

sand: 1.7%, dust

asphalt: 8.5%,

PG 70-22

25.444 Gravimetric method (ASTM E96

(ASTM, 2005)), wet cup/dry cup method

applied to cylindrical ensembles

containing 70 mm diameter and 4–5-mm

thick specimens, where three ensembles

were placed in a chamber with 15%

relative humidity at 35 °C. Aggregate
size passing sieve number 4 (4.75 mm).

Air voids between 11% and 13%. Used

Fick’s first law to estimate D

Vasconcelos

et al. (2011)

Aggregate: N/A,

asphalt: 8.9%

(PG 85-XX,
XX¼10, 22, 28)

0.78–2.23 23.9 °C temperature conditioning by

submerging in water for 21 months and

measuring saturated surface dry (SSD)

with time using a sensitive mass balance.

Aggregate size passing 1.18-mmsieve.Air

voids between 7% and 11%. Specimen

size 12-mm diameter by 50-mm thick

Aggregate: N/A,

asphalt: 8.9%

(PG 85-XX,
XX¼10, 22, 28)

2.21–4.90 37.8 °C temperature conditioning by

submerging in water for 14 months and

measuring SSD with time using a

sensitive mass balance. Aggregate size

passing 1.18-mm sieve. Air voids

between 7% and 11%. Specimen size

12-mm diameter by 50-mm thick

N/A¼data not available.
Source: Apeagyei et al. (2013).
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In contrast to diffusion coefficients, there are no data available for the desorption

coefficients of asphalt binders. Nevertheless, Kringos et al. (2008b) mentioned a

rather simple test, equivalent to the hollow cylinder test with fluid flow used fre-

quently in soil-engineering laboratories (Papamichos, 2010). In the test, a controlled

water pressure field is applied on a simplified binder core. The velocity of the flow

should simulate the representative water flow in the pavement due to pumping action.

The loss of binder mass is recorded at different time intervals. From the test, the binder

desorption due to water flow might be measured and desorption curves may well be

developed. Additionally, one could further explore the use of the Hamburg test (Izzo

and Tahmoressi, 2007) and further analyze, for example, the residue in the water com-

ing from the test. Though this test could be considered a very harsh test that includes

50 mm

5 mm

(a) (b)

Hole at the center

Psychrometer’s cord

Psychrometer’s head

Silicon glue

Connected to CR 7

Connected to CR 7

Porous stone
5 mm

50
 m

m

50 mm

Porous stone

Plastic protector

Silicon glue50 m
m

Figure 10.23 Experimental setup used by Kassem et al. (2006): (a) schematic view and

(b) cross section.

Environmental chamber conditions:
RH 15% and 35 °C

7 cm diameter
specimen

Rubber washer

Distilled water

6 cm

RH 100%

Caulk seal

<J>

Figure 10.24 Experimental setup used by Arambula et al. (2010): the curved arrows represent

the molar flux from inside the container with saturated water vapor pressure to the

environmental chamber.
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several damage mechanisms at the same time (thus making it hard to filter out specific

material parameters), it may be one of the most relevant tests used in practice today.

10.4.3 Guidelines for mix design of moisture-resistant
asphalt mixtures

Apart from a well-designed pavement drainage system, a key parameter in preventing

moisture damage of asphalt mixtures is the careful design of the mixtures in terms of

binder content and aggregate gradation. The selection of asphalt mixture type (i.e.,

dense-, gap-, or open-graded) should be performed properly, according to the climate

and traffic conditions of the particular area. It is generally believed that dense- and

open-graded mixtures may be more sensitive to stripping problems than gap-graded

mixtures; however, this does not imply that these mixtures cannot be effectively used

without exhibiting moisture damage (D’Angelo and Anderson, 2003). As discussed in

the previous sections, moisture damage has a very close relation to permeability, air

void percentage, and aggregate structure. Therefore, it is critical to apply the appro-

priate compaction effort so that the mixtures are properly densified under traffic and

ultimately achieve the desired air voids. Poor compaction in asphalt pavements results

in high air-void content, which might cause moisture damage problems.

Furthermore, focus should be placed on selecting the individual mixture compo-

nents. A selection of aggregates, asphalt binders, mineral fillers, and additives, as well

as aggregate–binder combinations with improved characteristics against moisture

damage, should be made. Especially for porous mixtures, which are significantly

affected by moisture damage, binders with enhanced properties could be further con-

sidered (Varveri et al., 2015). Similarly, the dust content of mineral aggregates should

be controlled properly. As discussed in the previous sections, excess dust coating of

the aggregates facilitates the creation of weak boundary layers in asphalt mixtures and

does not promote good adhesion between the aggregate and the asphalt binder.

Another way to prevent moisture damage is the addition of antistripping agents,

which can alter the chemical and physical properties of the mixture components, thus

improving their adhesive and cohesive properties. Based on the work of Bagampadde

et al. (2004), typical additives for preventing moisture damage of asphalt mixtures are

listed in Table 10.8.

In order to evaluate the moisture sensitivity of the designed mixtures, related per-

formance tests should be carried out during mix design.

10.5 Outlook for the future

Though several new tests and computational models have been developed throughout

the years that could be successfully applied to simulate moisture-induced damage in

materials, not many of them are in fact applied in daily engineering design questions.

This could be partly explained by how the current market functions. But the new types

of innovative procurement contracts that include design-build and maintain principles

could in fact bring a significant change in this. Business as usual, or applying
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traditional designs may then in fact mean companies are not competitive in a global

market or no longer fulfill new environmental, social, or economic sustainability

requirements. This means that proper explanation of new models, the possibly needed

new tests, and how to embed these in current state-of-the practice should become part

of the effort in the research community. It also means that industry and academia will

start having common vocabulary to use and an enhanced understanding of each other’s

domains, which could all contribute to ensuring an increase of innovation in the field.

In conclusion, we can add the common wisdom, “water gets everywhere.” This cer-

tainly is the case for pavement. So it is of crucial importance that modern pavement

Table 10.8 Additives for preventing moisture damage of asphalt
mixtures

Additives Proposed mechanisms of action

Mineral

additives

Hydrated lime l Reaction between calcium and aggregate silicate

and aluminate surfaces forming products that

bond strongly with asphalt binders, even in the

presence of water
l Consolidation of the fine coatings on aggregate

surfaces through ion exchange/pozzolanic

reactions between calcium- and silica-producing

calcium-rich bonding sites for binder acidic polars
l Reaction with carboxylic acids and 2-quinolones,

so that few of them are available for adsorption
l Inhibition of microbial activities

Cement l Hydration of cement

Liquid

additives

Surfactants (mainly

amines)

l Interaction of nitrogen lone electron pair with

acid sites on silica surfaces, thereby improving

adhesion
l Action as Lewis bases that acquire protons from

acidic groups in asphalt binders forming products

that are attracted by the aggregate surfaces
l Action like cationic surfactants by reducing the

surface tension of the asphalt binders

Silane-coupling agents

(mainly (RO)3SiR1)

l Hydrolysis of organofunctional silane yielding

silanol, which condenses rapidly to form a

siloxane structure with a lipophilic part that

remains solubilized in asphalt binders, while the

inorganic end reacts with siliceous aggregate

surfaces

Others Sulfur-based additives l Action as extender for asphalt binders

Polymeric additives l Action as modifier for asphalt binders
l Pretreatment to aggregates, forming a protective

barrier on the aggregate surfaces

Source: Bagampadde et al. (2004).
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engineers understand the basic mechanisms in which moisture can infiltrate and dam-

age the pavement, both over short- and long-term periods. Micromechanical modeling

is of paramount importance in understanding the possible fundamental processes that

govern moisture damage and identifying the key factors that control these processes.

Such models can serve as a relatively fast and inexpensive way to investigate a great

variety of parameters before the structure is actually built. This allows for new

material and new mixture designs to be investigated, and the risks involved with these

to be minimized. Only this type of understanding can lead to universally applicable

knowledge—tools that are not only “practical” but are also effective over the long

term and that allow engineers to place moisture damage in the context of other damage

mechanisms.
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11.1 Introduction

Most bitumens traditionally used in pavement application come from the petroleum

oil refinery process. Only 10% of these oils can be used as materials for roads. More-

over, this natural resource is, of course, finite. Production will begin to decrease within

a few years. The question is not “if” but “when” the peak oil will arrive. Meanwhile,

supply difficulties have begun to appear (Lavoie, 2011). Refinery strategies are chang-

ing, and some chemical compounds, like butadiene or some bitumen grades, could be

lacking in the near future. Hence, the questions facing this problem are “Do alterna-

tives to petroleum bitumen exist?” and “What about their performance?”

More and more publications and patents are published on this subject. The present

chapter will try to review some of these publications to understand what natural

resources are used, which processes are used for the transformation, and what is

the durability of the alternative binders already tested at full-scale.

In the first section, alternative binders developed for full replacement are pre-

sented. The use of one type of alternative binder made of vegetable oils and wood

coproducts, which is the more developed one, is especially described. Then, some

input concerning alternative binders developed for partial replacement, followed by

vegetable flux and surfactants, is given.

11.2 Alternative binders developed for full replacement

11.2.1 Binder from vegetable oils and wood coproducts

All patents and publications that propose to use vegetable oil and wood coproducts to

produce a binder as an alternative to bitumen are based on the same principle: a high

molecularweightmaterial, generally from thewood industry (natural resin or chemically

modified), ismixedwithviscous oil (mineral or vegetable). Some consistency agents like

polymers are added to optimize the rheology. The blend is carried out at temperatures
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above the melting point of products. During this manufacturing, there is no chemical

reaction. At ambient temperatures, the blend appears to be a suspension of particles

(agglomerates of resin molecules) in a viscous matrix (oil). Consistency of this material

is the consequence of a physical interaction between both phases (see Figure 11.1).

The first patent using vegetable oil was published in 1991 (Pinomaa, 1991). A tall

oil resin, a byproduct from the paper industry, was mixed with vegetable oil and a

polymer. Then, some inorganic pigments were added to dye the binder. Surprisingly,

this type of binder was first designed to be dyeable and not environmentally friendly.

About 10 years later, major contractors and oil companies in France proposed their

own vegetable binders, all based on the same concept. Table 11.1 presents different

commercial binders and compositions.

Due to the consistency of those vegetable binders, their manufacturing process,

similar to the petroleum one, is done at lower temperatures (about 40 °C), which is

a real gain of energy. It is worth mentioning that only the binder Vegecol® from Colas

can be defined as a 100% vegetable binder, because no petroleum polymer is used in

the formulation.

But the major issue of these alternative binders is the price. Indeed, the price of

vegetable binders or synthetic binders is higher than that of a petroleum binder, result-

ing in an asphalt mix that could cost four times more. At present, they are, therefore,

less competitive (even though the cost of petroleum bitumen is on the rise) due to the

strong increase in mineral oil prices. For those reasons, but also for the high tonnage

needed, these binders are right now almost exclusively developed on bicycle paths, on

parking lots, and on pedestrian alleyways, where their transparent color enhances the

natural color of aggregates.

11.2.1.1 Physical properties of vegetable oil–rosin binders

Consistency
The consistency of this type of binder is created by adjusting the rosin-to-oil ratio and

then using a consistency agent, like polymer. In Table 11.2, the consistency of pure

bitumen 50–70 is compared with vegetable binders with various percentages of oil and

resin. Thus, ring-and-ball temperature, penetrability, and glass transition temperature

tests show that binders 1 and 2 have similar characteristics as bitumen 50–70. So in

Vegetable oil Blend (resin + oil)Resin (chemically modified
rosin) 

Figure 11.1 Products used to manufacture a vegetable binder with blending at high temperature.
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Table 11.1 Composition of some industrial vegetable binders (percentages are given for the total binder
weight)

Commercial

name Company Resin Oil Polymer Additives Reference

– – Tall oil resin, from wood or

terebenthine

Mineral vegetable oil, or tall oil

15–20%

PPa, PEb, PAc,

SBd

2–15%

Inorganic pigments (TiO2,

Cr2O3)

Pinomaa

(1991)

Vegecol® Colas Natural or modified rosinse

(modification by

esterification or

maleinization)

40–70%

Linseed, ricin, or wood oil.

Nonmodified or from distillation or

chemically modified

40–70%

– Co, Zr, and Mn salt Colas

(2004a)

Biophalt® Eiffage Natural or modified rosins,

terpenes—(solid or

modified)

1–10%

Tall oil pitch 1–20% Wax

1–40%

Fibers—additives

2–10%

Flux

2–25%

Sicatif

Co, Va, Ca, or Mn salt

2–30%

Eiffage

(2007)

Floraphalte® Shell Rosin ester

20–90%

Colza, palm oil, or tall oil

10–80%

Functionalized

EVAf by silanes

1–10%

– Shell

(2010)

Séquoia® Eurovia Natural or modified rosins,

terpenes

40–60%

Polyester carried or by

polycondensation of rapeseed,

sunflower, soybean, palm oil, or tall

oil with polyacids and polyols

40–60%

SB, EVA

5–10%

UV-protecting agent

Structuring and reinforcing

agents

Rheology modifier agent

Ti, Zn, or Fe salts

Eurovia

(2010)

aPolypropylene.
bPolyethylene.
cPolyamide.
dStyrene-butadiene.
eResidue from the distillation of turpentine, coming from coniferous trees.
fEthylene-vinyl acetate.

A
d
v
an
ces

in
th
e
d
ev
elo

p
m
en
t
o
f
altern

ativ
e
b
in
d
ers

3
4
9



this case, the vegetable binders tested could replace bitumen 50–70. It could be noted

that the glass transition of vegetable binders is low in comparison to that of conven-

tional binders. Another example comes from the Shell company: the Floraphalte®,

which has penetrability close to 70/100 grade.

Properties related to manufacturing
Ballie et al. (2004) showed that the viscosity values of the plant-based binder developed

by Colas are considerably lower than 35/50 bitumen. Consequently, it is possible to

manufacture hot mixes at a lower temperature than that of bituminous mixes. The coat-

ing temperature can be reduced to 40–50 °C, without any reduction in workability.

Nevertheless, this type of alternative binder is highly susceptible to a polymeriza-

tion process that leads to a hardening of the material, especially when it is exposed to

high temperatures. For this reason, generally a low viscosity or high penetration grade

can been used in order to take into account the curing effect during manufacturing. As

an example, Floraphalte® binder (Lecomte et al., 2009) keeps good oxidation resis-

tance after Rolling Thin Film Oven Tester (RTFOT) up to 160 °C. From 170 °C,
the binder hardens very quickly due to oxidation and the polymerization process.

The evolution of the binder was also studied after the coating phase. Samples of

uncompacted mixes were maintained for 4 h in an oven (at 130 or 170 °C).
Table 11.3 shows that at 170 °C, properties of the binder change very quickly with

time. Indeed, after 4 h, the penetrability decreases dramatically (penetrability after

4 h reaches 9 1/10 mm, namely 10% of its initial penetrability). At 130 °C, the char-
acteristics of the binder are less time dependent; the binder loses only a penetrability

grade (Lecomte et al., 2009). The authors concluded that during the storage phase of

the binder and asphalt manufacturing, the binder should not be above 160 °C.

Mechanical properties at an early age
The water resistance test on Floraphalte® (EN standard protocol NF 98-251-1) shows

high values for compressive strength, with and without immersion (r and R) (R¼10.5,

r¼7.7) (Lecomte et al., 2009). Moreover, the hardening of this binder is observed

Table 11.2 Physical properties of bitumen 50–70 and vegetable
binders

Material

Resin/

oil (%)

Glass transition

temperature (°C)
Ring-and-ball

temperature (°C) Penetrability

Binder 1

(Vegecol®)

75/25 �3 46.9 58

Binder 2

(Vegecol®)

82/18 �2 47.8 56

Binder 3

(Floraphalte®)

– – 89 45

Bitumen

50–70

– 6 50.7 52

Source: Trigallez et al. (2009) and Lecomte et al. (2009).
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during the conditioning phase (with or without immersion). This observation has been

also made for the Vegecol® binder (Colas, 2004a). But at a very early age, the com-

pressive strength of water-immersed cores appears to be very low. This study showed

that it is necessary to have a curing time to increase compressive strength. All of the

coated and compacted specimens were stored up to 60 days before testing at 18 °C and

50% humidity. The compressive strength of samples after storage in air at 18 °C and

compressive strength after water immersion both evolve over time. The increase from

4 to 13 MPa in compressive strength seems to slow down after 60 days. The authors

suggested a stabilization of this evolution due to the end of the polymerization mech-

anism. Nevertheless, the ratio between both strengths appears to be stable with time

and remains around 0.7.

The hardening of the binder at room temperature has a strong influence on the com-

plex modulus. Stiffness could increase a lot over time in comparison to conventional

mixes (see Table 11.4). Pouget and Loup (2013) also showed that the phase angle

decreases at the same time (decrease is between 20° and 35°) after 12 months. From

a general point of view, it seems necessary to take into account a curing time to reach a

certain modulus. The modulus increase does not appear to affect cracking properties.

Indeed, for the curing time studied, fatigue performance of Vegecol® appears to be

very high (Trigallez et al., 2009) in comparison to conventional mixes with a similar

penetrability grade. On the other hand, low temperature tensile properties for both

mixes made with Biophalt® are also close to what can be found with conventional

binders (Pouget and Loup, 2013).

11.2.1.2 Field experience feedback

Some experimental road work sites have been achieved, especially in France. Cur-

rently, not much data are available concerning their long-term behavior, because

the first test sections were realized in the 2000s. Nevertheless, initial feedback showed

that, in some cases (not yet fully understood), aging issues of the binder occurred. For

some vegetable binders, experimental sites showed significant damage after 4–7 years

Table 11.3 Floraphalte®—evolution of penetrability and softening
temperature depending on the exposure time in oven

Temperature (°C) Exposure time (h)

Penetrability

(1/10 mm)

Softening

temperature (°C)

130 0 88 46.2

2 52 49.6

4 43 51.4

170 0 95 45.4

2 23 53.8

4 9 58

Initial binder (before mixing) 79 48.2

Source: Lecomte et al. (2009).
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of service life (large number of transverse and longitudinal cracks, alligator cracking;

see Figure 11.2).

Some samples have been cored from cracked areas (after 5 and 7 years of service

life). Moduli of the samples were measured using indirect tensile tests (see

Figures 11.3 and 11.4). The moduli measured were very high (up to 14,000 MPa),

especially for products designed for surface courses. These moduli are similar to those

of high modulus asphalt mixes, but the rheological behavior appears to be strongly

different. Indeed, the mixes with vegetable binders have an elastic behavior instead

of a viscoelastic behavior. They appear to be no longer thermal and time dependent.

This means that the ability to relax stress, which is generally observed for usual bitu-

minous materials, is lost at this age. This may explain the fragility observed on exper-

imental sites. It also means that the curing process of this type of vegetable binder,

which leads to an increase of the modulus, could lead also to a decrease of the viscous

component. The material becomes finally brittle at service temperature.

11.2.2 Binders based on microalgae

Microalgae are one of the most promising alternative biomasses, as they present sev-

eral advantages compared to other terrestrial plants: high biomass production

(Figure 11.5), high growth rate, high photosynthetic yield, high lipid content (until

Table 11.4 Evolution of some mechanical properties with time
of three mixes made with vegetable binders

Vegecol® type

(Trigallez

et al., 2009)

Biophalt® type 1

(Pouget and Loup,

2013)

Biophalt® type 2

(Pouget and Loup,

2013)

jE*j (15 °C, 10 Hz) 1 month:

5100 MPa

9 months:

5600 MPa

0 months: 4300 MPa

6 months:

10,100 MPa

12 months:

12,900 MPa

0 months: 1800 MPa

6 months: 6400 MPa

12 months:

10,700 MPa

Stress at break at

�10 °C (in tension)

– 0 months: 5.00 MPa

6 months: 4.00 MPa

12 months: 3.73 MPa

0 months: 2.84 MPa

6 months: 3.78 MPa

12 months: 4.40 MPa

Temperature at

break (in Thermal

Stress Restrained

Specimen Test

(TSRST))

– 0 months: �29.5 °C
6 months: �27.9 °C
12 months: �23.6 °C

0 months: �29.0 °C
6 months: �25.4 °C
12 months: �25.7 °C

Fatigue

performance (e6)
1 month: 129

mstrain
9 months: 161

mstrain
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80 wt.% under stressing conditions and for some particular species), and no compe-

tition with human feeding.

In the future, microalgae could be an extraordinary source for feeding, chemicals,

or biomedical molecules (Vilchez et al., 1997). But the microalgae industry can be

viable only if all fractions of the biomass can be valorized, as for petroleum. This

is why it is interesting to explore the possibility of developing an alternative binder

based on the microalgae byproducts.

It has been shown (Audo et al., 2012) that the design of microalgae-based road

binders should be feasible using extracted lipids. The isolated lipid fraction of

Figure 11.2 Example of cracked

pavement made with

vegetable binder.
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Figure 11.3 Impulse load (124 ms, �11 kN) and deformation response in indirect tensile test

for a mix made with vegetable binder (7 years, cored on site) in comparison with a highmodulus

asphalt mix.
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Scenedesmus sp. microalgae is made of a fatty acid polymer (algaenans) suspended in

a free fatty acid oil (principally palmitic, stearic, oleic, linoleic, and linolenic acids).

This lipid fraction appears to be a hot-melted viscoelastic material. The complex mod-

ulus norm of microalgae extracts, measured at 1 Hz, is compared to two paving-grade

asphalts (Figure 11.6). On the temperature range tested, microalgae lipid extracts

show a thermosusceptibility similar to that of asphalt. It seems possible to adjust

the rheological properties of the material by tuning the algaenan content. In this

way, it might be possible to obtain alternative road binders with the same rheological

properties as asphalts.

Hydrothermal liquefaction has also been used to transform microalgae biomass

into biobinder (Queffelec et al., 2014). This process allows the transformation of

wet biomass, avoiding a drying step, and consequently permits energy saving. Half

of the total biomass can be converted by the thermochemical process into an oily

hydrophobic phase (Figure 11.7). The rheology of the hydrophobic phase depends

on the liquefaction-operating conditions and in some cases can be comparable to con-

ventional bitumen. Even if the concept of producing this type of biobinder has been

verified, it has not yet been tested in a full-scale experiment.

Nevertheless, mixes prepared from this hydrophobic phase in the lab show promising

behavior. For example, isotherms of the complex modulus at 15 °C of two stone mastic

asphalt (SMA) mixes, prepared with conventional bitumen and with the hydrophobic

phase from hydrothermal liquefaction (algae binder), are presented in Figure 11.8. In

this example, the modulus and the phase angle appear to be in different domains, but

describe the same trend in black space. It suggests that the algae binder has a lower pen-

etration grade than the 50/70 used as the bitumen reference. It also means that it would

100
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Figure 11.6 Rheological comparison between microalgae extracts and bitumen

(Audo et al., 2012).
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be possible to adjust the algae binder rheology bymodifying the hydrothermal liquefac-

tion parameters in order to obtain the same behavior as that of conventional bitumen.

The other important observation concerns the behavior of the SMA mix made of algae

binder during aging (Figures 11.9 and 11.10). SMA mixes were exposed to ultraviolet

(UV) (60 W/m2) and air flux at 60 °C during 600 h. The norm of the complex modulus

(at 15 °C, 1 Hz) of the algae binder mix appears to be relatively stable in comparison to

that of the conventional mix. The relative evolution of the phase angle measured on the

algae bindermix ismore pronounced than the norm of the complexmodulus but remains

below the evolution of the conventional mix phase angle. This algae binder, aged with

the mineral phase, has an interesting behavior, because the complex modulus appears to

Figure 11.7 Hydrophobic fraction after

hydrothermal liquefaction on

microalgae.
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Figure 11.8 Complex modulus at 15 °C, from 1 to 100 Hz, measured on SMAmixes made of a

conventional bitumen and an algae binder, plotted in a black diagram.
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be stable with time. Of course, the optimization of this alternative material will have to

be done. Indeed, it could have a brittle behavior at low temperature, as seen from the

phase angle value, which is very low in comparison to the phase angle of the SMAmix

made of a conventional 50/70 bitumen.

11.2.3 Binders based on other raw materials

The actual research does not focus exclusively on vegetable oils, and numerous orig-

inal projects have been recently developed by academic laboratories. In 2008, the

University of Picardie patented the development of a binder obtained from protein

components and vinegar (or other organic acids from the vegetable world; Université

de Picardie Jules Vernes, 2008). Dissolving proteinaceous material in acidic

2.0E+09

3.0E+09

4.0E+09

5.0E+09

6.0E+09

7.0E+09

8.0E+09

9.0E+09

1.0E+10

0 100 200 300 400 500 600 700

IE
*I

 (
P

a
) 

Aging time (h)

SMA (bitumen 50/70)

SMA (algae binder)

Figure 11.9 Norm of the complex modulus at 15 °C, 1 Hz, measured on SMAmixes made of a

conventional bitumen and an algae binder, plotted according to the aging time.
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conditions causes a coagulation of the proteins and a loss in functionality (loose pri-

mary structure), leading to the formation of a thermosetting rubber mixture. This

invention offers a dramatic advantage because it valorizes an abundant and unused

resource, which is hemoglobin. Coming from the slaughtering of animals, the amount

of hemoglobin recovered is more than 140,000 t in Germany, 100,000 t in Great Brit-

ain, and 80,000 t in France. This concept could certainly be transferred to other protein

compounds, such as casein.

In 2010, the Polytechnic National Institute of Toulouse patented a road binder

made from cellulosic biomass, the most abundant biomass on Earth (INP de Toulouse,

2010). The principle is the following: an esterification between the alcohols on the

glucose units of cellulose and fatty acids has been performed, thus leading to a hydro-

phobic material (originally, cellulose is hydrophilic), which is required for a road

binder (Figure 11.11, Table 11.5). The number of alcohol functions substituted (by

glucose unit) and the choice of fatty acids enabled modulation of the rheological prop-

erties of the final material.

11.3 Binder developed for partial replacement

More recently, an American team succeeded in valorizing hogmanure by obtaining oil

after hydrothermal liquefaction (Fini et al., 2011). This process dovetails perfectly

with the American government’s environmental policy of tightening its laws about

manure from pig farms to avoid overapplication as cheap sources of fertilizer or acci-

dental spills in the environment. The potential of this biooil was studied as an additive

for bitumen 50/70, with various concentrations of 2%, 5%, and 10%. The study

showed that adding the biooil into the bitumen led to a decrease of the viscosity, which

is particularly important as the concentration of biooil increases, resulting in a

decrease of the compaction and mixing temperature. Moreover, adhesion properties

of the modified bitumen seemed improved in comparison with those of conventional

bitumen.

Other thermochemical processes can be applied to biomass, such as pyrolysis

(a process where the dried biomass is decomposed in a few seconds without oxygen,

within a temperature range of 500–1000 °C, and heating rates of 1000 °C/min), which
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Figure 11.11 Esterification of cellulose by octanoyl chloride, leading to a substitution degree
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has been applied mostly to woody biomass (Williams et al., 2011). The oil obtained

after pyrolysis can be used directly as a binder, it can be modified by a synthetic poly-

mer, or it can be used in a mixture with conventional bitumen (Table 11.5).

11.4 Vegetable fluxes and surfactants

Vegetable resources have mostly been used to produce fluxes, which reduce binder

viscosity and improve the workability of mixes. Fluxes usually come from petroleum

oil or coal. After laying the mix, volatile components evaporate, leading to an increase

of the hardness of the binder. But these vapors are potentially dangerous for workers.

Alternative fluxes, developed to circumvent this problem, are mostly composed of

fatty acid esters. In 1997, the SAADA company provided Bioflux®, which is com-

posed mainly of fatty acid methyl esters, produced by transesterification of vegetable

oils. Metallic salts like cobalt, manganese, and zirconium were added in order to cat-

alyze the polymerization reaction taking place between the ester chains and oxygen

(Figure 11.12).

In this case, hardening of the binder is the consequence of a chemical reaction and

not an evaporation (SAADA, 1997), which is interesting from an environmental point

of view, because there are no emissions of organic volatile compounds. In 2001,

Oléoroute (cofunded by Appia, now Eiffage) commercialized a similar product called

Oléoflux 18®, produced by the transesterification of sunflower oil.

Some years later, a patent from Colas was published (Colas, 2004b). Partially

unsaturated, natural fatty material was used. About 15% of these unsaturations were

functionalized with oxygenated functions: ether, epoxy, or anhydride maleic. These

chemical groups have the possibility of reacting with some molecules present in

the bitumen in order to get the expected rheology.

Table 11.5 Summary of the nonindustrialized alternative binders
for road application

Raw

material Technique Remarks Reference

Hemoglobin Chemical

denaturation with

organic acid

Modification is possible with

vegetable oil

de Picardie

Jules Verne

(2008)

Cellulosic

biomass

Esterification by

fatty acid

chloride

Rheology depends on the fatty

acid and the substitution

INP de

Toulouse

(2010)

Swine

manure

Hydrothermal

liquefaction

Use as an additive in bitumen Fini et al.

(2011)

Woody

biomass

Fast pyrolysis Modifications are possible by

adding polymers or use as

additive in bitumen

Williams

et al. (2011)
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Recently, the Valagro company proposed to use fatty acid esters or diesters and

polyglycerol as surfactants to produce emulsified bitumen or other hydrocarbon

binders (Valagro, 2011).

11.5 General remarks about alternative binder
development

Various experiences in the development of alternative binders showed that some prop-

erties have to be reinforced. Indeed, in order to have at least the same potential dura-

bility as conventional bitumen, efforts must be made to improve these new materials

for road application. Generally, the oxygen content inside binder extracted from bio-

mass is high in comparison to that of usual bitumen. This leads to a higher sensitivity

to oxidation mechanisms, also favored by the presence of unsaturated chemical links

(derived from fatty acids). The consequence for mechanical properties is a loss of vis-

cous properties, with the material finally evolving toward a more brittle state. Further

developments need to address this point by working on thermochemical processes that

reduce oxygen content, or on special additives able to inhibit oxidation or polymer-

ization mechanisms. Moreover, conventional bitumen came from a distillation pro-

cess carried out at high temperature (�350 °C) under vacuum. This means that

bitumen can be considered a nonvolatile material at manufacturing temperature
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(�160 °C) and at service temperature (up to 60 °C). Considering the manufacturing

processes used to produce the alternative binders presented in this chapter, the prob-

ability of having volatile components is high and could partially explain the instability

in time that has been observed. To improve alternative solutions, new materials will

have to be developed in order to reduce volatile components by using, for example, a

final distillation process. One idea could be also to work on the reduction of

manufacturing temperature by using emulsified alternative binders. In that regard,

in the future, it will be very important to prove that alternative binders are safe for

workers to handle, and safe for the environment. Fume emission measurements will

have to be carried out, and the impact on aqueous species will have to be assessed.

Finally, it is interesting to imagine that in the next generation, alternative binders

might be developed to facilitate recycling, using the existing bitumen mixed with

renewable materials.

11.6 Conclusions

Currently, many alternatives to bitumen have been proposed. However, they are not

all industrialized yet, because an optimal alternative road binder must satisfy several

criteria, which are sometimes difficult to combine:

l Properties similar to petroleum bitumen,
l Viscoelasticity,
l The use of crops that do not compete with human feeding production,
l A production cost competitive with that of petroleum binders.

The most advanced field experiences, mainly in France, show that it is possible to

totally replace conventional bitumen with a material made of vegetable oil and a

coproduct from the wood industry (especially rosin). Nevertheless, evolution of this

type of material with time is not fully understood. In comparison to conventional

mixes, mechanical properties of these vegetable mixes, which are initially viscoelastic

thermodependent, tend to be purely elastic.

Research should now focus on new production technologies, but also, and above

all, on new raw material sources. Indeed, vegetable binders that are actually marketed

are based on the edible oil. In the biofuel areas, news and pressure caused by the recent

turmoil in the food market have shown the disastrous implications of the use of edible

oils. It seems very difficult to reconcile global industrialization with the use of food

resources.

Research on new biomasses that do not compete with human feeding production is

actually under intense development. Interesting work has been done based on the

microalgae, which seems to be a promising biomass source in the future. It offers

the most credible alternative to petroleum fuels, and it has been proven that it could

also be used to produce a biobinder. Also, very interesting studies in the United States

dealing with the hydrothermal liquefaction of swine manure have been published. In

the near future, this could be a response to environmental issues of animal husbandry

as well as partial bitumen replacement.

Advances in the development of alternative binders 361



References

Audo, et al., 2012. Relationship between microalgae lipid extracts composition and rheological

properties. In: ISAP.

Ballie, M., Poirier, J.-E., Delcroix, T., 2004. Vers une nouvelle route ? Végécol, une gamme de
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non-ioniques d’origine naturelle. FR2972191 (A1).

Vilchez, C., Garbayo, I., Lobato, M.V., Vega, J.M., 1997. Microalgae-mediated chemicals pro-

duction and wastes removal. Enzyme Microb. Technol. 20 (8), 562–572.

Williams, C.R., Mohamed Metwally, M.A.R., Brown, R.C., 2011. Bio-oil formulation as an

asphalt substitute. WO2011/153152 (A2).

362 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0020
http://www.bitumequebec.ca/assets/application/publications/47481a992acb429_file.pdf
http://www.bitumequebec.ca/assets/application/publications/47481a992acb429_file.pdf
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0030
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0035
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0040
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0040
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0045
http://refhub.elsevier.com/B978-0-08-100269-8.00011-8/rf0045


12Blending of virgin bitumen and

RA binder in mixtures with high

amounts of RA

M. Mohajeri1,2, A.A.A. Molenaar2, M.F.C. Van de Ven2
1Gebr. Van der Lee contractors, Lelystad, The Netherlands; 2Delft University
of Technology, Delft, The Netherlands

12.1 Introduction

In the Netherlands, hot mix asphalt (HMA) containing high percentages of reclaimed

asphalt (RA) are being produced either by a batch plant to which a parallel drum is

attached to preheat the RA to approximately 130 °C or by means of a double barrel

drum. In the double barrel drum, virgin aggregates (VAs) are preheated in the inner

drum and then mixed with moist RA at ambient temperature in an outer drum that is

folded around the inner drum. In the outer drum, the virgin fines (filler) and bitumen

also are added. Because the mixing temperature is between 160 and 180 °C, the VAs
have to be preheated to (very) high temperatures, especially when high RA percent-

ages are used. In the Netherlands, using 50% RA is a common practice for all base,

binder, and wearing course mixtures. RA is not allowed in SMA and porous asphalt.

It is not uncommon to preheat the VAs to 320 °C and higher in the double drum

mixer to obtain a mixing temperature of 160 °C. Especially when the RA is moist,

moisture contents of 5% are not uncommon; even higher preheating temperatures

are required.

Also in a batch plant, the VAs are heated to fairly high temperatures even when the

RA is preheated in a parallel drum to 130 °C. The VAs should be heated to higher

temperatures when larger amounts of RA are used.

Itmight beverywell that theheat transferbetween superheatedaggregatesandbinders

may locallydamageboth theRAbinderandvirginbitumen(VB).Therefore, it is essential

to study the effect of this kind of harsh heat transfer on the binder properties.

The target temperature of the mixture (160–180 °C) is usually achieved by adjust-

ing the preheating temperature of aggregates in both the batch plant and the double

drum mixer. However, the first question is whether the superheating of VAs will

soften the RA binder enough that RA will coat the VAs before the VB is added.

The second question is whether the RA and virgin binder will blend such that a homo-

geneous binder is obtained.

These two questions initiated the research that is presented in this chapter.
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12.2 Research approach

Being able to answer these questions implies that one is able to determine the amount

and characteristics of the binder coating the RA and VAs after mixing. However, the

major difficulty in studying the interaction between RA binder and VB is the separa-

tion of RA aggregates from VA in the recycled mixture, inasmuch as each aggregate

particle is coated with black binder, and the shape of the RA and VA particles is

similar.

Because distinction by color differences between aggregates was not applicable, a

novel method was devised in this research by using mono-size glass beads (GBs) as

artificial aggregates instead of real aggregates. RA could then be separated from VA

because of different shapes and sizes. It will be shown that a combination of GB and

RA was a good representation of a real mixture.

Three mixture combinations were designed to study the effect of superheating in

HMA recycling by replacing real stone aggregates with GBs. They will be explained

in detail in one of the next sections.

Also, an aging method is adopted to create artificial RA binder. This method is

using the rotating cylinder aging test (RCAT). First, two grades of bitumen were aged

using different aging periods. Second, their chemical and physical properties were

determined. The properties of the aged binder were compared with those of real

RA binder. Then, a decision was made on choosing the aging protocol.

Once artificial RA aggregates are separated from VAs, their binders have to be

extracted for further analysis. In the case of real mixtures, a centrifugal extraction

method along with a rotary evaporation setup is used to obtain sufficient amount

of binder for analysis. However, current extraction and recovery setups are not suit-

able if small amounts of bitumen have to be recovered. Therefore, the commonly used

extraction and recovery method had to be adapted. A simple extraction and recovery

method was devised based on solvent extraction and cabinet evaporation. The effi-

ciency of extraction and recovery was also investigated.

Different layers of binders around aggregates were assumed to be present. This

assumption was based on results reported by Noureldin andWood (1989) and Huang

et al. (1929), which will be discussed later. Inspired by their work, the effectiveness

of separating the bituminous coating of aggregate particles into different layers was

examined. If a layered system indeed appears to exist, then it should be determined

how mixing of superheated aggregates with cold RA affects the binder properties of

the different layers, and if it is affecting the blending efficiency.

The following actions were therefore undertaken:

l An aging protocol was adopted.
l An extraction and recovery method was developed.
l The effectiveness and usefulness of a stage extraction method based on soaking in solvent

was evaluated.
l Three types of mixtures were produced.
l Rheological and chemical properties of binders were compared.
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12.3 Mixtures

In this study, three mixtures were tested; they are briefly described hereafter.

12.3.1 Mixture 1

GBs of 5 mm (GB5) were coated with aged binder to create artificial RA. No filler was

used in this mixture because experience has shown that there is always a chance that

some filler traces might be present in the recovered binder. Presence of filler would of

course have an effect on the outcomes of the test to be performed on the recovered

binder. GBs of 8 mm (GB8) were used to represent the VA in this mixture type. First,

GB8 was superheated to 300 and 400 °C prior to mixing with GB5. Second, 50% (by

mass) of superheated GB8 was mixed within 30 s with 50% (by mass) of precoated

GB5. These two temperatures were selected to study the effect of temperature. Mix-

ture 1 is identified in this chapter by “300–” and “400– .” The workflow in preparing

mixture 1 is illustrated in Figure 12.1.

12.3.2 Mixture 2

Similar combinations of GB sizes, percentage, and temperatures were used once

again. The only difference was that 1% VB was also added during mixing. Mixture

2 is identified by “300+” and “400+ .” The plus sign indicates the addition of VB,
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while the minus sign used in indicating the two mixture 1 types implicates no addition

of bitumen. The workflow of the experiments on mixture 2 is also illustrated in

Figure 12.1.

12.3.3 Mixture 3

A real asphalt mixture was produced with 50% real RA. Only VAs were replaced by

GBs of different sizes. Filler, sands, and VB were added following the procedure

described in the Dutch standard. GB sizes to be used were determined with respect

to mixture gradation requirements. GBs were superheated to 515 °C prior to mixing;

the real RA contained 4% moisture. The mixing time was set to 30 s. Figure 12.2

shows the workflow for preparing this mixture.

12.4 Materials and processes

As noted, artificial materials (GB and aged bitumen) were used to simulate real aggre-

gates and RA binder. The material properties and preparation procedure will be dis-

cussed in this section.

Three preliminary studies were required before conducting the main study on the

effect of superheating. As noted earlier, first, the effectiveness and usefulness of stage

extraction by soaking bituminous material in a solvent had to be investigated. Second,

a convenient binder extraction and recovery method had to be developed. Third, an
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appropriate aging protocol had to be established to obtain an artificial aged binder with

properties as close as possible to those of a real RA binder.

This section will focus on developing these three processes as well as other material

preparation techniques. The mixture designs, mixing process, and sample preparation

will be discussed here as well.

12.4.1 Developing an extraction and recovery method

In HMA recycling studies, binder extraction and recovery are essential processes in

regaining the binder from RA. The binder is primarily needed for rheological analysis

prior to designing a mixture. In addition, the chemical composition of RA binder or

any aged binder would be required for studying the effect of aging on the original

binder. Extraction was first done by soaking an AC mixture into a solvent, dichloro-

methane CH2Cl2, at ambient temperature to separate aggregate, sand, and filler from

the binder. Second, the mineral fraction was separated from the binder solution in a

centrifuge. These two steps of extraction are commonly practiced in the Netherlands

according to NEN 3971(1991): Recovery of bitumen from asphalt for qualitative test-
ing purposes. The bitumen solution is usually brought to a rotary evaporation system

to separate the solvent at a rather high temperature according to EN12697-3.

These extraction and recovery setups are not suitable when small amounts of bitu-

men must be recovered, as is the case in this study. Therefore, another extraction and

recovery method had to be developed.

The newly developed method is based on solvent extraction and cabinet evapora-

tion. The efficiency of extraction and recovery was also investigated. The method

used here is referred to as the solution spreading extraction method (SSEM):

l First, a small amount of aggregate (about 50 g) is washed manually in dichloromethane by

agitating with a spatula for half an hour. One hundred milliliters of solvent is usually suf-

ficient to get the aggregates clean. Because the main goal is to get only sufficient binder

for dynamic shear rheometer (DSR) and FTIR tests, it was not really necessary to obtain

thoroughly cleaned aggregate particles.
l Second, the filler is separated in a desk centrifuge in the laboratory. The solution is filtered

with a microfilter (0.6 mm), and centrifuging is done at 3700 rpm for 30 min.
l Third, the solution is gently taken from the centrifuge container with special care to avoid

remixing it with filler sediment.
l The residual solution is spread on a surface of silicon paper with dimension of 25�25 cm2 to

facilitate the evaporation of solvent at ambient temperature in a vacuum cabinet.
l After 24 h, the residual thin film of binder is brought into an oven at 50 °C for 3 h to ensure

thorough evaporation of the solvent.

The experiment plan related to this preliminary study is shown in Figure 12.3.

l Two binders were tested: 70/100 VB (A1) (3.66 g)+filler Wigro (4 g)+100 ml

dichloromethane.
l RCAT 163 °C–24 h aged 70/100 bitumen (4.0 g)+filler Wigro (4 g)+100 ml

dichloromethane.
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After binder recovery, they were tested in a DSR to compare the properties of the

extracted binder (from SSEM) with the properties of the original bitumen. The

DSR was conducted with a parallel plate geometry, using plates with a diameter of

25 mm and a 1-mm thick layer of binder in between.

Master curves for the complex shear modulus G* were developed, and these are

shown in Figure 12.4; G* values at 20 °C and various frequencies are also shown
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And oven drying at 50 °C for 3 h

Centrifuging

Adding filler

Solving in dichloromethane

Virgin
bitumen

Aged
bitumen

Virgin bitumen
extraction

R
he

ol
og

ic
al

co
m

pa
ris

on

Aged bitumen
extraction

Before

After

Figure 12.3 Solution spreading extraction method (SSEM).
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in Table 12.1. It turns out that the shear modulus of the binder extracted by SSEM is in

reasonable agreement with that of the original binder. Nevertheless, the G* values are
slightly lower after SSEM. This reduction might be because small amounts of solvent

are still left in the binder. The reduction of 10–20% in G* values appeared to be valid
for both the aged and VB.

12.5 Stage extraction

12.5.1 Background

Stage extraction has been practiced since 1980 by a number of researchers (Noureldin

and Wood, 1989; Huang et al., 1929). It is a process of extracting binder from RA

particles, layer by layer. It is repeatedly assumed that if an RA aggregate is soaked

in a solvent for given periods, the recovered binder corresponding to each soaking

time represents a layer of bitumen.

Noureldin and Wood (1989) conducted a test on a recycled mixture by applying a

rejuvenator on RA aggregates. They soaked RA aggregates in a solvent and took four

binder solutions. After recovery of the binder from each solution, they measured its

penetration and viscosity. The penetration test results of the four imaginary layers are

shown in Figure 12.5.

They concluded that the outer microlayers around RA aggregates are stiffer than

the inside layers because of the exposure to oxidation. They believed that the very

inner layer is slightly harder because of the absorption of light fractions by the stone.

After treating the RA with a rejuvenating product, the outer layers became

significantly softer.

A similar concept was used by Huang et al. (1929) to extract four layers of binder

(Figure 12.6). After conducting DSR tests, they claimed that the inner layers are stiffer

than the outer layers (Figure 12.7), implying that inner layers are RA binders that are

not completely blended with the added VB.

Table 12.1 Decrease in G* values after extraction following SSEM

Frequency 0.1 Hz 1 Hz 10 Hz 20 Hz 100 Hz

RCAT_Before extraction (GPa) 1.46 5.47 16.52 22.13 40.76

RCAT_After extraction (GPa) 1.10 4.42 14.27 19.46 37.20

Decrease in G* value 225% 219% 214% 212% 29%

70/100_Before extraction (GPa) 0.15 1.01 5.37 8.43 21.75

70/100_After extraction (GPa) 0.11 0.78 4.33 6.89 18.36

Decrease in G* value 224% 222% 219% 218% 216%
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In both studies, only one variable was taken into account: soaking time. Then, it

was assumed that the solvent would take an equal amount of binder from every aggre-

gate particle. As will be shown hereafter, this assumption is only true if all the aggre-

gate particles have the same size, whereas the aggregate sizes in the mentioned

experiments ranged from 20 to 20,000 mm. It will be shown hereafter that the aggre-

gate sizes have to be taken into account as an extra variable.

A test program was therefore conducted here to examine the appropriateness of the

stage extraction method by including aggregate size as an extra variable.
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rejuvenated RAP by Noureldin and Wood (1989).
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12.5.2 Extraction test at two layers

One hundred fifty grams of RA aggregates were screened into three fractions of 0–2,

2–5, and 5–11 mm. Then, each fraction was soaked in 50 ml dichloromethane for

5 min at room temperature (see Figure 12.8). The first binder solution was poured

and stored in a separate container. The remaining aggregates were thoroughly washed

with another 50 ml dichloromethane until the aggregates became apparently clean. The

first and second solutions were centrifuged for 30 min at a speed of 370 rpm to separate

the fillers. After filtration, both solutions were recovered following the SSEM.

The recovered binders were tested with the DSR to measure G* values at different
temperatures and frequencies. The results are shown in Figure 12.9.

According to this figure, the effect of the two variables, being the size of the aggre-

gates and the imaginary layers, is considerable. The figure shows that the second

extractions are slightly softer than the first ones. However, in the fraction of

2–5 mm, they are almost equal.
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Therefore, it could be concluded that aggregate size may influence the properties of

their binder films, inasmuch as finer sizes cause more aging of the binder.

There are a number of differences between fine and coarse aggregates that could

affect the aging of their film binder:

l The larger surface area of fine aggregates provides more surface for short-term aging (STA).
l The difference in absorption properties of fine and coarse aggregates.

Visual observation during manual washing of the aggregates revealed the fact that not

every aggregate size loses its binder at the same time, inasmuch as it took the finer

fraction (0–2 mm) almost twice the time as the coarser fractions to get thoroughly

cleaned. This is most probably because of the different binder contents of each aggre-

gate size, due to their specific surface (see also Table 12.2). Also, differences in tex-

ture and surface polarity between the coarse and fine aggregates might have had an

influence.
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Figure 12.9 G* values of imaginary layers around different aggregate sizes at the reference

temperature of 25 °C.

Table 12.2 Extracted RA binder properties

Property Unit

Penetration @ 25 °C (# @15 °C) 0.1 mm 21

Softening point TR&B °C 59

Penetration index ( ) �0.8

Density, 25 °C kg/m3 1035
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The main conclusion is that a number of factors influence the properties of the

binder recovered at different stages (as experienced in previous studies). Although

binder properties of extracted binders at different stages were different, the assump-

tion of detecting different binders by stage extraction is debatable, especially when the

extraction is performed on a mixture that contains different aggregate sizes.

12.6 Materials

12.6.1 Artificial RA binder

To make artificial RA binder (for GB coating), an STA method and long-term aging

(LTA) method had to be adopted. According to the European norm, there are mainly

three methods available for accelerated bitumen aging: RTFOT,1 PAV,2 and RCAT.3

A summary of these aging testing methods is made by Hagos (2008).

12.6.1.1 The rotating cylinder aging test

The RCAT accelerated aging method was developed by the Belgian Road Research

Center (BRRC) to simulate both STA and LTA of bitumen. This method is suitable to

age considerable amounts of bitumen (500 g) to be used in further studies.

The method consists of an oven for temperature control, a steel cylinder, and a

rotating system to maintain constant rotation of the horizontally placed cylinder. A

stainless steel roller is also freely rotating inside the cylinder to keep the film thickness

constant. A constant flow of air or oxygen is blown into the rotating cylinder to accel-

erate the aging process (see Figure 12.10).

Air supply

Shaft

Figure 12.10 Rotating cylinder aging test (RCAT) (den Berg, 2011).

1 Rolling thin-film oven test.
2 Pressure aging vessel [EN 14769].
3 Rotating cylinder aging test [EN 15325].
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In this study, the available RCAT oven in the laboratory was not equipped with an

oxygen supply, and therefore air was used in the process at a flow rate of 4.5 l/h. The

STA and LTA were done together, using one temperature (163 °C) for a total duration
of 24 h. The development of aging was monitored by taking samples at 0, 4, 8, and

24 h. These samples were used for penetration, TR&B, FTIR, and DSR tests to study

the progress of aging during the RCAT test. The results were compared with those

obtained on a real RA binder, which was taken as a reference.

Two grades of bitumen were used in this study: Q8 70/100 and Q8 40/60. The test

program is shown in Figure 12.11.

A summary of the initially measured properties of the extracted RA binder is listed

in Table 12.2.

12.6.1.2 Rheological evaluation of aged binders

As mentioned earlier, penetration and softening-point tests were carried out to deter-

mine the change of these rheological parameters as a function of aging time. The

results are shown in Figure 12.12.

A DSR (AR2000ex) was used in the research to measure the complex shear mod-

ulus (G*) and the phase angle (d) between shear stress and shear strain. The machine

has a torque capacity of 0.2 Nm and is equipped with an environmental test chamber.

G* and d values are measured at different temperatures and loading frequencies.

The results were used to create master curves of the shear modulus (G*) and phase

angle (d).
The master curves of the aged binders along with the VB are illustrated in

Figures 12.13 and 12.14, respectively. DSR measurement results of a real RA binder

are illustrated in both charts to facilitate the comparison of artificial aged binders with
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Figure 12.11 Process of selecting an artificial RA binder.
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a real RA binder. It turned out that RCAT aging of 70/100 bitumen at 163 °C and 24 h

produces a binder that is closest to the real RA binder.

12.6.2 Glass beads

GBs are widely used in industry and research. In industry, they are mainly used for

blasting surfaces. In research, they are used in simulating particle flow in industrial

processes. They are available in different sizes and even in microscales. Their sizes

are very precise.

As mentioned before, the regular size and shape of GBs were the reason for using

them in this study. However, the smooth surface of GBs is a critical drawback in com-

parison with the natural, usually rough, surface of normal aggregates.
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Figure 12.12 Penetration results at 25 °C and softening points (TR&B) of binders aged with

RCAT at 163 °C.
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Figure 12.13 DSR master curves at 20 °C on RCAT aging of 70/100 bitumen.
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In this research, GBs of different sizes were used to simulate RA and VA. Two

available sizes of borosilicate GBs were used in mixtures 1 and 2: 5 and 8 mm. In

mixture 3, other sizes (i.e., 13 and 20 mm) were used as well. They are identified

as GB5, GB8, GB13, and GB20.

The GBs used in this research contain primarily silica and boron oxide, which

makes them more resistant to thermal shocks than any other common glasses.

Table 12.3 shows the comparison between the chemical and physical properties of

borosilicate GBs and granite stones.

The volumetric properties of GB5 and GB8 are presented in Table 12.4. The vol-

umetric properties are needed to determine the required amount of binder to achieve

the intended film thickness. The weight of the particles of each size was calculated by

Table 12.3 Chemical land physical properties of borosilicate
and granite stone

Chemical composition

Borosilicate GB Granite stone

SiO2 81.20% SiO2 72%

B2O3 12.40% Al2O3 14%

Na2O 2.93% K2O 4%

Coefficient of thermal expansion 3�10�6/°C at 20 °C 5�10�6/°C at 20 °C
Thermal conductivity 1.2–1.4 W/(m �K) 1.73–3.98 W/(m �K)
Melting point 1600 °C 1215–1260 °C
Density 2.23 kg/m3 2.70 kg/m3

0
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Figure 12.14 DSR master curves at 20 °C on RCAT aging of 40/60 bitumen.
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dividing the weight of a number of beads by that number. It turns out that 1% mass

ratio of bitumen to GB results in 18 mm coating on 1000 g of 5 mm beads. Therefore, a

mass ratio of bitumen to GB of 2% is needed to achieve 36 mm film thicknesses. The

36 mm film thickness was selected because this formed a stable bitumen coating

around GBs. This percentage was used later to prepare artificial RA with 5 mm beads

and aged bitumen.

12.6.3 Mixtures

Asmentioned before, three mixtures had to be prepared in the laboratory with artificial

aggregates. The mixing procedure of each mixture type is explained hereafter.

12.6.3.1 Mixture 1

In these mixtures, GB5 had to be covered with 2% (by weight) aged bitumen

(RCAT163 °C_70/100@24 h), which was chosen during the preliminary aging tests

discussed earlier. Two kilograms of GB5was premixed with 2% aged binder at 150 °C
to prepare the artificial RA. A Hobart pan mixer with a spiral dough hook (see

Figure 12.15) was used to coat GB5 with aged binder within 3 min to ensure a homog-

enous coating. Because pure bitumen was used without any filler, it was important to

carefully clean all mixing equipment prior to any mixing.

The precoated GB5 was cooled down with a fan ventilator while it was spread on

silicone paper on a table. After cooling using a fan ventilator for 1 h, the mixture was

stored for 3 h at room temperature (23 °C) and 24 h in a climate room (15 °C) to make

it brittle enough to be broken into single particles by means of slight hammering

(Figure 12.16). The separated particles were stored at�5 °C to avoid sticking together

again. Then, 500 g of GB8 (as VA) was preheated to 300 °C in an oven for 3 h. After

this, the precoated GB5 particles (500 g at 15 °C) were mixed in a pan mixer together

with the GB8 particles for 30 s.

Table 12.4 Glass bead properties and bitumen mass required
to obtain intended film thickness around the GB particles

Volumetric property of GB Unit GB5 GB8

Specific density kg/mm3 2.23�10�6 2.23�10�6

Diameter (2r) mm 5 8

Surface area (4pr2) mm2 78.5 201.1

Volume (4pr3/3) mm3 65.4 267.9

Mass (kg) kg 1.46E�4 5.98E�4

No. of particles in 1 kg aggregate 1/kg 6855 1674

Total surface area of 1 kg aggregate mm2/kg 538,117 336,323

Coating per 1.0 (%m/m) bitumen mm 18 29
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The heat exchange between the preheated bold G8 particles and the coated GB5

particles during mixing was measured by means of the infrared thermography method.

As can be seen in Figure 12.15, the GB5 particles started to stick to each other as soon

as they were added to the mixer, because of their precoating. For this reason, manual

agitation lasting 10 s by means of a steel spatula was done before mechanical mixing

started; this improved mixing considerably. One similar mixture was prepared in

which the GB8 was preheated to 400 °C. After mixing and cooling down, the particles

of the mixture were separated by means of slight hammering.

A special sieve was prepared with openings of 6 mm to separate the GB5 particles

from GB8. A few small particles still remained on the sieve, and had to be separated

manually (see Figure 12.17).

In the next step, the binders covering the GB5 and GB8 particles were recovered

using the SSEM extraction and recovery method. Initially, it was intended to extract

binders in two stages, as explained in the previous section. However, the GBs lost their

binder as soon as they were soaked in the solvent. Two factors caused the quick solv-

ing of the binders around the GBs: lack of texture on the GB surface, and the fact that

pure bitumen (without filler) was used in the experiment.

Figure 12.16 Hammering

the cooled artificial RA to

loosen the particles at 15 °C.

Figure 12.15 Mixer setups and thermography of a mixture.
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Consequently, only one stage extraction was applied on GB5 and GB8 for each

mixture. The extracted binders are identified with the coding system explained in

Table 12.5. These binders were to be used for further analysis.

12.6.3.2 Mixture 2

As mentioned in the experimental design section, mixture 2 was quite similar to

mixture 1 in the sense of preheating temperature and mixing. The only two differences

compared to mixture 1 were:

l GB5 is precoated with 1% aged bitumen (it was 2% in mixture 1).
l The same weight of superheated GB8 particles (VA) and 1% VB is added during 30 s of

mixing time.

Given the fact that both mixture types contain 50% GB5 and 50% GB8, it turns out

that the final binder content of all mixtures is 1% by mass.

Other procedures such as preheating, storing, particle separation, and binder

extraction and recovery were similar to those used to prepare mixture 1. The identi-

fication system for the binders extracted from mixture 2 is shown in Table 12.6.

12.6.3.3 Mixture 3

In this mixture, some fractions of VAs were replaced by different sizes of GBs: GB5,

GB8, GB13, and GB20. First, a mixture containing 50% RA was designed. A 70/100

pen bitumen was used as VB to be added during mixing. The target bitumen content of

the mixture was set to 4.3% by mass. Given the fact that the RA contained 4.3%

Table 12.5 Identification of binders extracted from GB5 and GB8
(mixture 1)

Mixture ID Explanation

300�V5 Extracted binder from GB5; mixture 1; preheating temperature at 300 °C
300�V8 Extracted binder from GB8; mixture 1; preheating temperature at 300 °C
400�V5 Extracted binder from GB5; mixture 1; preheating temperature at 400 °C
400�V8 Extracted binder from GB8; mixture 1; preheating temperature at 400 °C

Figure 12.17 Sieving and separating GB5 from GB8.
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bitumen, half of this amount (2.15% by mass) of VB had to be added. The modifica-

tions of aggregate gradation as well as the required GBs are presented in Table 12.7

and Figure 12.18. The other mixing conditions and materials are listed briefly below:

l RA: 50%
l VB: 70/100
l Bitumen content: 4.3% (on 100% of aggregate by mass)
l Mixing time: 30 s
l Preheating temperature of VAs: 515 °C
l RA moisture content: 4%

The final mixture temperature was 170 °C. The mixture was kept in an oven at 170 °C
for 30 min before compacting it with a Marshall compaction hammer with 40 blows at

each side. Normally, 50 blows are applied on each side, but because the GBs could

break duringMarshall compaction, the number of blows was reduced to 40. The virgin

materials, including the GBs, as well as the final mixture are illustrated in

Figure 12.19. The GBs could manually be separated from the loose mixture because

Table 12.7 Gradation adjustments for mixture 3

Size (mm) RAP

50% RAP

(% m/m)

Virgin

material

(% m/m) Target

GB sizes intended

to replace

corresponding

virgin aggregates

>C22.4 0 0 1.2 1.2 GB20

C22.4–C16 6 3 9.2 12.2 GB20

C16–C11.2 11 5.5 1.1 6.6 GB13

C11.2–C8 14 7 13.2 20.2 GB8

C8–C5.6 9.2 4.6 2.4 7 GB5

C5.6–C2 16.3 8.2 1.7 9.8

River sand (0/2) 35.7 17.9 19.2 37

<0.063 7.8 3.9 2.1 6

Total (%) 100 50 50 100

Bitumen 4.3 2.15 2.35 4.5

Table 12.6 Identification of binders extracted from GB5 and GB8
(mixture 2)

Mixture ID Explanation

300+V5 Extracted binder from GB5; mixture 2; preheating temperature at 300 °C
300+V8 Extracted binder from GB8; mixture 2; preheating temperature at 300 °C
400+V5 Extracted binder from GB5; mixture 2; preheating temperature at 400 °C
400+V8 Extracted binder from GB8; mixture 2; preheating temperature at 400 °C
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of their shapes. The binder attached to the GBs and real aggregates were separately

extracted and recovered for further analysis. In the remainder of the analysis, the

binder extracted from the GBs is called “GB binder.” The binder extracted from

the mineral aggregates is called “stone binder.”

12.7 Results and analysis

The extracted binders were used for rheological and chemical analyses. G* values

were determined at different temperatures and frequencies by means of a DSR, using

parallel plates with a diameter of 25 mm to create master curves. The same binders

were used for ATR/FTIR analyses, the results of which will be presented for each mix-

ture type. Peak area values in the FTIR spectra were utilized to determine the carbonyl

index (1700 cm�1) and sulfoxide index (1039 mm�1) as indicators of chemical

changes due to superheating.
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Figure 12.18 Gradation curves of the target mixture, the available RAP, and gradation

limitations.

Figure 12.19 Materials and mixing process used in mixture 3. (a) GB, sand, and filler

representing virgin aggregates. (b) Loose mixture after mixing with 50% RA. (c) Marshall-

compacted specimen.
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It has to be noted once again that GB5 stands for GB (5 mm), which was prepared

as an artificial aggregate by precoating it with aged binder. Artificial VAs are repre-

sented by GB8, which are superheated prior to mixing at temperatures of 300 and

400 °C. In mixture 1, GB5 was coated with 2% aged bitumen. GB5 in mixture 2

was precoated with 1% aged bitumen and 1%VB, which was being added during mix-

ing. Comparison of the binder content on each group of aggregates (GB5 and GB8)

will determine the amount of binder transfer from GB5 to GB8.

12.7.1 Mixture 1

Figure 12.20 shows that 0.8% of GB5 binder was transferred to GB8. This implies that

1.2% of the bitumen stayed at the GB5 particles. This can be explained in the follow-

ing way. Mixture 1 contained, in terms of weight, the same amount of GB8 and GB5

particles. This implies that the total surface area of the GB5 particles was 1.6 times

larger than the total surface area of the GB8 particles (see also Table 12.4). The fact

that the GB5 particles, with their total surface area being 1.6 times that of the GB8

particles, were carrying 1.5 times more bitumen in total than the GB8 particles implies

that per unit of surface area, the GB5 and GB8 particles carried about the same amount

of bitumen. This amount was similar at both superheating temperatures. This reveals
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Figure 12.20 G* results obtained on binders recovered from mixture 1.
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that cold RA (GB5) could share to a large extent its binder with superheated aggre-

gates at even short periods of mixing (30 s). Comparison between the shear modulus

of GB5 and GB8 binders (at 300 °C superheating temperature) shows no severe

change or damage of the binder properties. However, superheating at 400 °C has

increased the G* value of the GB5 binder as well as that of the GB8 binder. G* values
of the original aged binder (being RCAT_70/100@24 h) are also shown in the charts

as the property of the binder before mixing.

Furthermore, the GB8 binder has become slightly stiffer than that of GB5. Direct

exposure of the binder to superheated aggregates (400 °C) accounts for the difference
between the binders coating GB5 and GB8.

The FTIR test was conducted on each extracted binder to study the chemical changes,

particularly due to oxidation. The FTIR spectra related to mixture 1 are presented in

Figure 12.21. The aging indices of CO and SO are determined by calculating peak area

values and are given in Table 12.8. A comparison of aging indices between the different

groups of extracted binders (frommixture 1) is given in Figure 12.22. As can be seen, the

binders of the 400 °C mixtures show more oxidation compared to those of the 300 °C
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Figure 12.21 FTIR spectra of binder from mixture 1.

Table 12.8 Peak values in the FTIR spectra (mixture 1)

A1030 A1375 A1460 A1600 A1700 ISO ICO

300�V5 0.6407 0.9936 4.8442 0.5447 0.0558 0.110 0.010

300�V8 0.6786 1.1399 4.6757 0.7474 0.0898 0.117 0.015

400�V5 0.6266 0.9217 4.2226 0.5139 0.1093 0.122 0.021

400�V8 0.764 1.1313 4.8113 0.8059 0.107 0.129 0.018
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mixtures. It is also evident that the binder coating GB8 has higher aging indices than the

binder coating GB5, confirming the effect of direct exposure to superheated aggregates.

12.7.2 Mixture 2

As can be seen from Figure 12.23, the GB8 particles are carrying the same amount of

bitumen as the GB5 particles after being mixed with the GB5 particles carrying 1% of

bitumen and the 1% added VB. In contrast to what happened to mixture 1, the bitumen
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Figure 12.22 Aging indices from mixture 1.
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now seems not to be divided according to the surface area ratio of GB5 and GB8. It is,
however, very difficult to say how much of the artificial aged binder on the GB5 par-

ticles was transferred to the GB8 particles. Although the G* values determined on the

bitumen coming from the GB8 particles are slightly higher than those determined on

the bitumen coming from the GB5 particles, this does not reveal anything about the

composition of the binder coming from the GB5 and GB8 particles. The only conclu-

sion that perhaps can be made is that the superheated GB8 particles had almost the

same effect in terms of aging on the bitumen that finally coated both GB sizes.

In Figure 12.23, the shear moduli of the binders extracted from GB5 and GB8 after

mixing are compared with those of binders before mixing (VB and artificial aged bitu-

men). At both preheating temperatures, theG* values of the GB5 and GB8 binders are
between those of the original binders. This shows the effect of blending between the

two binders. At 300 °C, the GB8 binder has become slightly stiffer than that of GB5

mixture 1, most probably because of the exposure to superheated particles. The

same trend is observed in the other mixture, where the superheating temperature

was 400 °C.
Increasing the superheating temperature from 300 to 400 °C caused more aging on

both the GB5 and GB8 binders.

The results allow us to check the validity of the log-pen rule, which is normally

used to determine the grade of VB to be used in recycling. The rule is

A� log penvirgin

� �
+B log penRAð Þ¼ A+Bð Þ log penmixtureð Þ (12.1)

where A, % of VB; penvirgin, penetration of the VB added; B, % of bitumen coming

from the RA; penRA, penetration of the bitumen of the RA; penmixture, penetration of

the bitumen of the recycled mixture; and A+B, 100.
It is assumed that this rule is also applicable to determine the G* of the bitumen of

the recycled mixture.

Because Gvirgin*¼2.47�106 Pa and Gaged*¼8�106 Pa, one would expect the

Gmixture* to be equal to 4.42�106 Pa. The figure shows that in the case of the

300 °C preheated aggregates, the G* of the bitumen coming from GB5 equals

4.82�106 Pa, and is 4.94�106 Pa for the bitumen coming from the GB8 particles.

In this case, it looks like the log(G*) rule seems to be valid. However, it is clear that

in the case when the virgin GB8 aggregate was preheated to 400 °C, the log(G*) rule is
not valid. The G* of the bitumen coming from both the GB5 and GB8 particles is

much higher. Obviously, additional aging due to the superheated aggregates must

have occurred in this case.

The effect of adding 1% VB is shown in Figure 12.24, where a comparison is made

between mixtures 1 and 2. Figure 12.25 shows the G* master curves of all extracted

binders in one chart. The FTIR spectra for the recovered bitumen from the GB5 and

GB8 particles as well as those of the virgin and artificially aged binder are shown in

Figure 12.26.

The aging indices ICO and ISO are determined by calculating the peak area values,

and the results are shown in Table 12.9. It can be seen that the binders of 400 °C show

slightly more oxidation compared to those of the 300 °C mixtures. Because VB is
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added to the mixture, no meaningful relationship could be seen between the aging

indices of GB5 and GB8 (Figure 12.27).

12.7.3 Mixture 3

Binder was extracted from the GB and RA aggregates and was then tested in the DSR

and FTIR. It has to be reminded that in the further analysis, binders extracted from the

GB particles are identified as “GB binder,” and the binder extracted from the rest of

the aggregates is called “stone binder.”
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Shear modulus master curves of both binders are shown in Figure 12.28. Master

curves of original binders—real RA binder and virgin 70/100 bitumen—are also

included to study the effect of superheating and blending after a mixing period of

30 s in a pan mixer. As shown in Figure 12.28, the GB binder is stiffer than the binder

extracted from the rest of the mixture (stone binder), implying the effect of direct

exposure of the binder to VAs (GB) superheated to 515 °C. The stone binder is

RCAT_70/100@24 h

400+V8
300+V8
300+V5
Virgin 70/100
400+V5
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Figure 12.26 FTIR spectra of binders from mixture 2.

Table 12.9 Peak values in the FTIR spectra (mixture 2)

A1030 A1375 A1460 A1600 A1700 ISO ICO

300+V5 0.675 1.156 4.871 0.721 0.151 0.112 0.025

300+V8 0.665 0.669 9.626 0.413 0.038 0.065 0.004

400+V5 0.417 0.878 3.594 0.486 0.041 0.093 0.009

400+V8 0.681 1.112 4.876 0.713 0.054 0.114 0.009

300+V5 300+V8 400+V5 400+V8

0.12

0.1

0.08

0.06

0.04

0.02

0

ISO

ICO

Figure 12.27 Aging indices from mixture 2.
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relatively softer, which implies that it was less affected by the superheated aggregates.

The stiffness of the stone binder is between the RA and VB.

Table 12.10 gives more detailed information about the G* and d values obtained at
various frequencies. Furthermore, penetration values are presented in this table, which
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Figure 12.28 G* master curves of extracted binders in mixture 3.

Table 12.10 G* and d values for the binders recovered frommixture 3
as well as penetration values for these binders calculated from
G* values

f (Hz)

RAP GB binder Stone binder Virgin 70/100

G* (MPa) d (°) G* (MPa) d (°) G* (MPa) d (°) G* (MPa) d (°)

0.01 0.323 66.6 0.113 72.7 0.064 75.7 0.006 85.6

0.4 4.112 56.7 1.731 61.2 1.078 63.8 0.169 78.6

1 7.089 54.9 3.118 58.9 1.979 60.9 0.361 76.1

10 23.578 51.7 11.566 54.3 7.678 54.7 2.033 68.9

20 32.302 51.0 16.372 53.2 11.010 53.3 3.250 66.7

100 61.836 49.7 33.789 51.3 23.418 50.5 8.780 61.7

Predicted

penetration

16 26 33 88

Log-pen rule

based on 50%

RAP

38
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were calculated using the following equation developed by Saal and Labout (see Van

den Berg, 2011):

log G∗
0:4Hz;25°C; MPað Þ

� �¼ 2:923�1:9 log pen25°C; dmmð Þ
� �

Furthermore, Table 12.10 presents the penetration value of the bitumen in mixture 3 as

calculated by means of the log-pen rule, which was presented earlier. As one will

observe, the penetration of the bitumen recovered from the stone is not too different

from the penetration value calculated by means of the log-pen rule. The penetration of

the bitumen recovered from the GB particles is, however, much lower than the log-pen

rule value. All in all, these results show that full blending of the RA and virgin binder

as it is assumed in the log-pen rule certainly did not occur. Furthermore, the table

shows that the G* of the GB binder is approximately 50% of that of the RA binder.

The G* of the stone binder is approximately two-thirds of that of the GB binder.

The FTIR spectra of the binders are illustrated in Figure 12.29. The aging indices of

ICO and ISO are determined by calculating the peak area values, and the results are

shown in Table 12.11. The indices of the stone, GB, virgin, and RA binders are com-

pared in Figure 12.30. Higher values of ISO and ICO for the GB binder indicate the

effect of superheating on directly exposed binder.

12.8 Conclusions

Based on the research results presented here, the following conclusions can be drawn:

1. Extraction of bitumen from asphalt mixtures is a delicate process. Great care should be

given to the complete removal of the solvent and the filler.

2. Stage extraction, which is done to determine the presence of a layered bitumen film around

aggregate particles, can only be successful if the extraction is done on particles of
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Figure 12.29 FTIR spectra of binder from mixture 3.
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approximately the same size. It has been shown in this research that larger particles will lose

their bitumen film easier than will smaller particles. This implies that when stage extraction

is done on a mixture consisting of different sized aggregates, one will first recover the bitu-

men around the coarse aggregates, and in a later stage the bitumen around the finer parti-

cles. Such a stage extraction will therefore reveal nothing about the presence of a layered

bitumen film around the various particle sizes.

3. G* measurements on the bitumen recovered by means of stage extraction from different

particle sizes showed that the bitumen recovered from the finer particles had a higher

G* than the G* of the bitumen recovered from the coarser particles.

4. The G* values obtained on the bitumen recovered from the first extraction (the outer bitu-

men layer around a particle) were slightly higher than the G* values obtained on the bitu-

men from the second extraction (inner layer). The differences were rather small, however,

and no clear trend could be discovered.

5. It can be concluded that the RCAT is a useful tool to artificially age VB such that it gets

comparable rheological properties as binders that are aged in the field.

6. The GB experiments were very useful for gaining an understanding of the transfer of RA

binder from RA aggregates to (super)-heated VAs.

7. The experiments with the asphalt mixture where some of the VAs were replaced by GBs

showed that adding virgin binder to the mixture had a significant effect on theG* of the RA
binder coating the RA particles (after separation and recovery).

Table 12.11 Aging indices for mixture 3

A1030 A1375 A1460 A1600 A1700 ISO ICO

Stone binder 0.656 1.044 4.191 0.721 0.122 0.125 0.023

GB binder 0.720 1.093 4.020 0.658 0.195 0.141 0.038

Virgin 70/100 0.442 1.064 4.450 0.546 �0.049 0.080 �0.009

RAP 0.817 1.092 4.625 0.796 0.104 0.143 0.018

Stone binder

0.2

0.15

0.1

0.05

0

−0.05
GB binder Virgin 70/100 RAP

ISO

ICO

Figure 12.30 Aging indices from mixture 3.
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8. Furthermore, it can be concluded that theG* of the bitumen coating VAs in an RA mixture

(in this case, the GBs) is not the same as the G* of the bitumen coating the RA aggregates.

9. Based on conclusion 7, it is furthermore concluded that full blending of RA and virgin

binder does not occur.

10. In line with conclusion 8, experiments furthermore showed that the log-pen rule, which

is often used to determine the required penetration of the virgin binder to obtain the

desired penetration of the binder of the completed mixture, was not applicable for the inves-

tigated mixture. It might, however, still be applicable for mixtures containing lower

amounts of RA. Furthermore, it should be noted that the experiments were especially

designed to investigate double barrel drum mixing. They therefore allow no conclusions

to be made on the applicability of the log-pen rule in the case of preheating the RAmaterial

in a different way.

12.9 Future trends

Although much has been learned about blending from the research described in this

chapter, it did not solve all the questions and queries. Aspects that certainly need to be

investigated are the following:

l The effect of preheating RA on blending should be investigated. Preheating RA in a parallel

drum to 130 °C, which is a normal practice in the Netherlands, reduces the need to preheat

the VAs to very high temperatures, and because of the smaller temperature difference, a bet-

ter blending could be obtained.
l Bioproducts like cashew nut oil are currently used to rejuvenate RA binder, and mixtures

with 100% RA rejuvenated with such products are already produced. Research on the blend-

ing of such products on the RA binder is needed to understand why such products are effec-

tive, and when such products will not be effective.
l Because of environmental reasons, warm and half-warm asphalt mixtures with high RA per-

centages will be used extensively in the near future, and are already used on a large-scale

nowadays. Knowledge about blending the RA binder with, for example, foam bitumen is

not available at the moment but is essential in order to be able to understand the critical fac-

tors determining the quality of such mixtures.
l Blending seems to be an important issue, but questions remain about the effect of imperfect

blending on the mechanical characteristics of mixtures with high RA percentages.
l The microstructural mechanisms controlling the blending of old and new bitumen at their

mixing interfaces should be studied, because this will allow us at the end to select the right

type of virgin binder, given the present RA binder.
l The possibility of studying the binder properties of recycled mixtures without solvent extrac-

tion should be studied, because solvent extraction and recovery may alter the properties of

original binders.
l Studies on binder characteristics of different fractions of RAwould be helpful in understand-

ing the interaction of different sizes of virgin and RA aggregates during mixing at high

temperature.
l Numerical modeling of the interaction between old and VB in recycled mixture, with the

assumption of different levels of blending (not blended� totally blended), would improve

the understanding of the importance of blending of bituminous binder.

Blending of virgin bitumen and RA binder in mixtures with high amounts of RA 391



References

Hagos, T., 2008. The effect of aging on binder properties of porous asphalt concrete. PhD dis-

sertation, Delft University of Technology, Delft.

Huang, B., Li, G., Vukosavljedic, D., Shu, X., Egan, B., 1929. Laboratory investigation of mix-

ing hot-mix asphalt with reclaimed asphalt pavement. Transport. Res. Rec. 2005, 37–45.

Noureldin, A.S., Wood, L.E., 1989. Rejuvenator diffusion in binder film for hot-mix recycled

asphalt pavement. Transport. Res. Rec. 1115, 51–61.

Van den Berg, W., 2011. The effect of aging on the fatigue and healing properties of bituminous

mortars. PhD thesis, Delft University of Technology, Delft.

392 Advances in Asphalt Materials

http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0010
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0015
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0020
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0025
http://refhub.elsevier.com/B978-0-08-100269-8.00012-X/rf0025


13Paving with asphalt emulsions
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13.1 Introduction

Asphalt emulsions are water-continuous dispersions of fine asphalt droplets, typically

1–10 mm in diameter, manufactured with the aid of a colloid mill. The emulsions may

containbetween40%and80%asphalt byweight.Theemulsionshavesignificantly lower

viscosity than asphalt itself, and so can be applied at lower temperatures. Consequently,

processes using emulsions have lower energy consumption and lower emissions than

those using hot asphalt or cutbacks (asphalt solutions in hydrocarbon solvents).

The International Bitumen Emulsion Federation has collected some information on

emulsion use in different countries. Approximately 8 million tons of asphalt are used

in emulsion form, about 9% of all asphalt usage (Le Bouteiller and Roffe, 2011). The

major part is used in spray applications like chip seal, fog seals, and bond coats.

The rest is used in asphalt mixtures prepared cold or warm, including in-place tech-

niques. An important application in some countries is microsurfacing, in which a mix-

ture of polymer-modified asphalt emulsion, fine grained aggregate, water, and cement

is applied to the surface of an asphalt or cement concrete roadway from a mobile mix-

paver to correct deformations, improve skid resistance, and seal the surface.

Conventional asphalt “hot mix” is generally produced at 150 °C or greater at the

mixing plant, and subsequently compacted at around 120–140 °C. New technologies,

collectively known as warm mix asphalt, allow a reduction in the mixing and compac-

tion temperatures (Capitão et al., 2012; Newcomb, 2007). Asphalt emulsions find use

in warm mixes (Crews, 2006) where mix temperatures are reduced to 60–120 °C, and
in cold mixes where the materials are generally unheated and mixed at ambient tem-

peratures. The description “half-warm mix” has been used to distinguish warm pro-

cesses where mixing takes place below 100 °C, avoiding the need to dry the aggregate.
Lower mix temperatures mean a reduction in fuel consumption and consequent green-

house gas emissions, and lower particulate and fume emissions (Newcomb, 2007;

Potti et al., 2006). Further environmental benefits accrue if recycled materials are used

in the mix, and half-warm mix with emulsion has been used to recycle tar-containing

road materials, avoiding hazardous emissions (Dijkink et al., 2000). Characterization

of the binder from an emulsion-based warm mix (Davidson et al., 2007; Takamura,

2008) confirms less age hardening of the binder than from hot mix, which should

eventually result in less cracking.

A cold mix plant using asphalt emulsion requires less initial capital investment than

a conventional hot-mix plant, and is well suited for mobile use. Placing the mix plant
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close to local raw materials and the job site maximizes the environmental benefit.

Emulsion mixes are also well adapted for cold in-place stabilization and recycling

techniques because the aggregates need not be heated.

For developed countries, the environmental focus has shifted from pollution preven-

tion to sustainable development. The preservation of existing roadways by preventive

maintenance is the most financially effective use of available resources (Mamlouk and

Zaniewski, 1999; Roberts et al., 1996). Bitumen emulsions are widely used in pavement

preservation techniques such as chip seal, fog seal, and microsurfacing, which look to

maintain the surface properties of the road while preserving the structural layers

beneath. Eco-efficient analysis provides an integrated assessment of the ecological

and economic pros and cons of alternative products and processes. Eco-efficiency anal-

ysis of preventive maintenance demonstrates that asphalt emulsion-based microsurfa-

cing is more “eco-efficient” than a conventional thin hot-mix overlay. This is

because of lower material consumption, less transportation ofmaterials, and lower over-

all emissions during the life of the treatment (Takamura et al., 2004).

Asphalt emulsions are produced by mixing a water solution of emulsifier, usually a

cationic or anionic surfactant, with hot asphalt in a colloid mill. They may contain

other ingredients like polymers and solvents, which may be added during or after

the emulsion production. Emulsions are graded on their reactivity—how readily they

set or break in contact with the aggregates used in road construction and repair—and

different reactivities are suitable for different applications. Rapid-setting (RS) grades

are the most reactive, slow-setting grades the least, and medium-setting (MS) grades

have intermediate reactivity. Asphalt content, solvent content, emulsion viscosity, and

storage stability are also often specified, as are the rheological properties of the “res-

idue”—the material remaining after the water has evaporated. The reactivity of the

emulsion is determined by its formulation—especially by the concentration and chem-

ical nature of the emulsifier. The actual setting and curing rate in the final application

depends on the aggregate chemistry and surface area, temperature, and other environ-

mental conditions. The transformation of the dispersed asphalt phase present in the

emulsion to the continuous binder phase in the pavement is a key process in all the

applications of asphalt emulsion.

This chapter provides in-depth analysis of emulsion production, emulsion proper-

ties, and curing mechanisms through fundamental theories of dispersion stability and

rheology, and also discusses emulsion residue characterization, which demonstrates

advantages of emulsion-based paving technology.

13.2 Overview of emulsifier chemistry and emulsion
recipes

Surfactants are materials that concentrate at surfaces and interfaces. The molecular ori-

gins of this surface activity are described in Section 13.3. Surfactants that concentrate at

the interface between oil and water are used to stabilize emulsions and are called emul-

sifiers. Asphalt emulsifiers have separated nonpolar and polar portions in a single
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molecule. The nonpolar portion is often a single hydrocarbon chain with 12–20 carbon

atoms, while the polar portion is a “head group” containing one ormore charged centers.

Emulsifiers with positively charged head groups produce “cationic” emulsions where

the asphalt droplets have positive charge, and emulsifiers with negatively charged head

groups produce “anionic” emulsions where the droplets have negative charge. Some-

times nonionic surfactants can be used to produce asphalt emulsion, and emulsion sta-

bility in these cases may derive partly from steric effects. The choice and concentration

of the emulsifier provide the desired reactivity and performance of the emulsion. Gen-

erally, rapid-set emulsion grades use low levels of emulsifier (0.15–0.4% activematerial

basis emulsion), while slow-setting emulsions may use 1.5% or even higher. Expressed

on the water portion of the emulsion, the emulsifiers may range in concentration from

0.01 to 0.2 M. Emulsifiers used in RS grades are selected to be sensitive to the small

changes in pH and ion concentrations that occur when emulsion is in contact with aggre-

gates. Emulsifiers used in slower setting grades are designed to be less sensitive to these

changes, for instance by the inclusion of nonionic or amphoteric surfactant components,

or molecules offering some steric stability.

Anionic emulsifiers contain oxygen. For anionic RS andMS asphalt emulsions, the

most often used emulsifier chemistries are the sodium or potassium salts of C16–24

fatty acids from crude or distilled tall oils. The tall oils are supplied to the emulsion

producer, who prepares a water solution or “soap” by addition of sodium or potassium

hydroxide. The addition is not stoichiometric; soap solutions lie in a range of pH 10.5–

12.5. Slow-setting anionic emulsions are prepared with a high dosage of emulsifier

(typically 1–2% active material). Nonionic surfactants with very large head groups,

for example nonylphenol with 50–100 mol of ethylene oxide, are most commonly

used. z-Potential measurements show that emulsions formed using these nonionic

emulsifiers do have negative charge (Wates and James, 1993). Emulsions meeting

the specifications of slow-set anionic emulsion can be prepared at more or less neutral

pH using nonionic emulsifiers, but most commonly have a pH around 11 and 12. Sta-

bilizers based on lignin (Schilling, 2002) can be included in the emulsion recipe to

provide additional stability, perhaps through a steric effect or through an ability to

complex calcium ions. Alkylbetaines are also used as emulsifiers for anionic slow-

set emulsions (James, 2006).

Cationic emulsifiers are nitrogen derivatives. These cationic emulsifiers are pre-

pared either by the nitrile process in which fatty acids are reacted with ammonia

and then hydrogen, or by direct condensation of fatty acids or oils with polyamines

such as aminoethylethanolamine, diethethylene triamine, or dimethylaminopropyla-

mine to form amidoamines and imidazolines (James, 1997). The fatty portion of

the emulsifier molecule is usually derived from natural sources such as tallow, palm

oil, tall oil, or rapeseed oil and has hydrocarbon chains mainly in the C16–18 range.

Further derivatization of the amines by alkoxylation, quaternization, or reaction with

acrylonitrile and hydrogen provides a wide range of emulsifier chemistries, often with

multiple charged nitrogen centers in the head group. More recently, betaine and

amphoteric surfactants, which contain potentially both negative and positive charge

centers in one molecule, have been used for both cationic and anionic emulsions

(Marcilloux et al., 2008).
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Cationic rapid-setting (CRS) grades are prepared with low dosage (0.15–0.4%) of

C16–18 fatty amine, fatty diamine, or amidoamine surfactants in the form of their

hydrochloride salts, or, much less often, as acetate salts. Emulsifiers are supplied

to the emulsion producer in insoluble amine form, often as a mixture of several com-

ponents, and the emulsion producer dissolves them in hot water by the use of acid to

form the emulsifier solution. The acid addition is not stoichiometric, and solution pH

may vary from 1.5 to 4.5. The pH has subtle effects on the reactivity and physical

properties of the emulsion.

Cationic medium-setting (CMS) grades are generally prepared from the same

emulsifiers as RS grades, but used at higher dosage 0.4–0.8%.

Cationic quick-setting (CQS) emulsions are a special class, with reactivity interme-

diate between medium and slow settings, and are used more or less exclusively for

microsurfacing and slurry seal. The emulsion recipes are developed to provide the right

mixing and setting behavior with aggregates to be used in the field, rather than to a more

general emulsion reactivity specification used for the other grades. The most common

emulsifiers are the hydrochloride salts of fatty imidazolines and amidoamines derived

from tall fatty acids and polyethylene polyamines, or tallowtripropylenetetramine.

These products may have four ormore cationic charge centers in their head group. Prod-

ucts derived from modified tall oil fatty acids showed improved performance (Birken,

2010; Schilling, 1997; Schilling and Schreuders, 1998). Emulsions with similar reactiv-

ity can also be prepared using fatty amidoamines and fatty polyamines, but reacted with

phosphoric acid instead of hydrochloric (James, 2008). Amphoteric and betaine emul-

sifiers have also been used in quick-set emulsions (Lesueur et al., 2006).

Slow-setting cationic emulsion grades use high concentrations (1–2% active mate-

rial) of emulsifiers with low sensitivity to pH changes, such as nonionic surfactants or

quaternary amines that do not lose their charge at higher pH. Lignin amines (Schilling,

2002) may be included to further lower reactivity.

13.3 Surface tension and surfactants (emulsifiers)

13.3.1 Molecular origins of surface and interfacial tensions

There is not a fundamental distinction between the terms surface and interface,

although it is customary to describe the boundary between two phases, one of which

is gaseous, as a surface, and the boundary between two nongaseous phases as an inter-

face. The surface tension of the liquid arises from the short-range intermolecular

attraction at the surface region. For liquid alkanes, this intermolecular attraction is

entirely due to London dispersion forces, thus

go ¼ gdo (13.1)

where go is the surface tension of the alkane oil, and the superscript d designates the

dispersion forces contribution (Fowkes, 1964; Takamura et al., 2012). The surface
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tension of water is the sum of a dispersion forces contribution, gw
d , and a polar

(hydrogen-bonding) forces contribution, gw
p :

gw ¼ gdw + gpw (13.2)

and gw
d and gw

p are 21.8 and 51.0 mN/m, respectively, at 20 °C (Fowkes, 1964).

Water molecules in the oil/water interfacial region are attracted toward the interior

of the water phase by water–water interactions (dispersion forces and hydrogen bond-

ing) and toward the oil phase by oil–water interactions (dispersion forces only); like-

wise, oil molecules at the interfacial region are attracted to the oil phase by the oil–oil

dispersion forces and to the water phase by oil–water dispersion forces. The interfacial

tensions are related to the geometric means of the oil–oil and water–water intermo-

lecular interactions (Girifalco and Good, 1957):

gwo ¼ gw + go�2

ffiffiffiffiffiffiffiffiffi
gdwgdo

q
(13.3)

The aromatic molecules are more hydrophilic than the saturated hydrocarbons

(Fowkes, 1964; Pormerantz et al., 1967), resulting in lower interfacial tensions

(e.g., 34.4 and 52.0 mN/m for benzene and n-heptane at 20 °C, respectively).

Owens and Wendt (1969) have extended Equation (13.3) for the polar molecules:

gwo ¼ gw + go�2

ffiffiffiffiffiffiffiffiffi
gdwgdo

q
+

ffiffiffiffiffiffiffiffiffi
gpwg

p
o

p� �
(13.4)

Values of go
d and go

p for toluene are 27.8 and 1.3 mN/m, respectively (Binks and Clint,

2002), and Equation (13.4) predicts gwo¼36.4 mN/m. A small value of

gpo ¼ 1:3 mN=m for toluene results in rather substantial reduction in gwo because of

the strong polar forces of water gpw ¼ 51 mN=m
� �

with go ¼ 29:1 mN=m for toluene.

The importance of aromatics at the crude oil/brine interface has been discussed in

detail by Takamura et al. (2012).

13.3.2 Physical properties of surfactants (emulsifiers)

13.3.2.1 Surface activity and micelle formation

The surface tension of water gw ¼ 72:8 mN=mat 20 °Cð Þ is significantly higher than

that of alkanes of similar molecular mass (e.g., go ¼ 18:4 mN=m for hexane) due to

the strong polar forces contributions, as discussed above. The surface tension of water

can be reduced by addition of a small amount of molecules containing both polar and

nonpolar parts (amphiphilic), such as the asphalt emulsifiers described above. These

molecules are able to locate their hydrophilic head groups in the aqueous phase and

allow the lipophilic hydrocarbon chains to escape into the vapor phase (Figure 13.1).

The strong adsorption of such materials at the surface in the form of an orientated

monomolecular layer is termed surface activity, and those molecules possessing
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strong surface activity are called surface-active agents or surfactants (Schwartz and
Perry, 1949). Surfactant molecules would also preferentially adsorb at the water/oil or

water/solid interface through the dispersion forces interaction. Surfactants are often

named in relationship to their application, hence names such as detergent, wetting

agent, emulsifier, and dispersant.

The surface tension of a typical aqueous surfactant solution against its concentra-

tion is depicted in Figure 13.1. The surface tension drops linearly against the log of the

surfactant concentration as surfactant molecules accumulate at the surface. Once the

surface is fully covered, the surfactant molecules aggregate themselves to form

micelles in the bulk water phase, in which the lipophilic hydrocarbon chains are ori-

ented toward the interior of the micelle, leaving the hydrophilic groups in contact with

the aqueous medium. The concentration above which micelle formation becomes

appreciable is termed the critical micelle concentration (CMC). In solutions of surfac-

tant above the CMC, the water phase comprises a solution of individual molecules at

approximately the CMC and aggregates of surfactants. The surface tension remains

almost constant at surfactant concentrations above the CMC: more micelles are

formed, but their size remains relatively constant. The CMC can be identified by

observing an abrupt change in the concentration dependence of several physical prop-

erties, including osmotic pressure, turbidity, electrical conductance, dye solubility,

and surface tension (Hunter, 1986).

Micelle formation of the surfactant is a balance between the association among

hydrocarbon tails and coulombic (charge) or steric repulsion among head groups.

Therefore, there exists a direct relationship between the chain length of the hydrocar-

bon tails; the longer the hydrocarbon chain, the lower the CMC. Lower repulsion
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Figure 13.1 Schematic description of the surface coverage of surfactant molecules at the

water surface and resulting linear reduction in the surface tension as a function of log of

the surfactant concentration.
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between the head groups, as with nonionic surfactants or through the effect of elec-

trolyte addition on ionic surfactants, leads to lower CMC and bigger micelles (see

Figure 13.2). Length of (CH2CH2O)n of the nonionic surfactant has little effect on

CMC, but micelle size increases with increase in “n” (Shinoda, 1978). The CMC

of the ionic surfactants is sensitive to the electrolyte concentration in the aqueous

phase: with electrolyte addition, the CMC is lowered and bigger micelles are formed.

In the case of emulsifiers with head groups with weak base or acid character, the CMC

and micelle size is also sensitive to pH. Further discussion on the micelle structure has

been given by Hoffmann (1990).

13.3.2.2 Solubility of ionic surfactants: Krafft point

The solubility of an ionic surfactant shows a rapid increase above a certain temper-

ature, known as the Krafft point (Krafft and Wiglow, 1895). Below the Krafft temper-

ature, the solubility of the surfactant is below the CMC. If surfactant is added, an

insoluble phase of surfactant separates, surface tension is not further reduced, and

micelles do not form. As surfactant is added above the Krafft point, surface tension

reaches a minimum, micelles start to form, and any further surfactant simply increases

the number of micelles. The result is a rapid increase in solubility of the surfactant

(Shinoda and Hutchinson, 1962).

The Krafft point of the ionic surfactant is directly related to its hydrocarbon chain

length: a higher Krafft point has a longer hydrocarbon chain. The Krafft point

increases with the lower ionic nature of the polar group, and thus is very sensitive
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to counterion valency. Anionic surfactants form precipitates with the calcium and

magnesium ions contained in hard water. Because of their high Krafft points

(50 °C for calcium dodecyl sulfate, compared to 9 °C for the sodium salt), these pre-

cipitates are hardly soluble at ambient temperatures (Shinoda and Hirai, 1977).

The Krafft point can effectively be lowered by introducing ethyleneoxide

(CH2CH2O) groups between the hydrocarbon chain and ionic groups of the ionic sur-

factant, even in the presence of high valency counterions. In addition, calcium salts of

these surfactants have significantly lower CMC than the sodium salt (Shinoda and

Hirai, 1977; Shinoda et al., 1986). Zapf et al. (2003) reviewed the current status of

calcium salt surfactants, and Laskowski et al. (2007) discussed the Krafft point of cat-

ionic surfactants used for mineral flotation.

13.3.2.3 Solubility of nonionic surfactants: cloud point

The nonionic surfactant is water soluble through hydrogen bonds formation of hydro-

philic moieties with water. As the temperature is raised, it reaches the point at which

large aggregates of the nonionic surfactant separate out into a distinct phase. The tem-

perature at which the phase separation occurs is referred to as the cloud point. The

surfactant molecules partition into the oil phase above the cloud point, and a large

amount of water is solubilized in the oil phase near this temperature (Shinoda and

Ogawa, 1967). Polyoxyethylene (CH2CH2O)n moieties of the nonionic surfactant

range from 3 or 4 to 40 or more. The cloud point increases almost linearly with n:
the longer the polyoxyethylene chain, the higher the cloud point. Nonionic surfactants

used in asphalt emulsion generally have cloud points above the boiling point of water,

which is an issue only when emulsifying high softening-point asphalts at high temper-

atures (James and Logaraj, 2002).

Abrupt changes in application properties occur below the Krafft point of ionic and

above the cloud point of nonionic surfactant solutions. For example, asphalt emulsion

used for chip seal application is sometimes manufactured using the cationic emulsifier

with a Krafft point near 60 °C, and the emulsion should be stored and tested above this

temperature to prevent premature breaking.

13.4 The emulsification process and emulsion properties

13.4.1 Hydrodynamic aspects of emulsification

Two-dimensional linear flows can be characterized by the parameter l, which can

vary from �1, pure rotational, to +1, pure shear (extensional), as shown in

Figure 13.3 (Kao et al., 1977; van de Ven, 1989); and the simple shear flow, l¼0,

is a combination of rotational and extensional flow. In the simple shear flow, defor-

mation and breakup of an isolated drop depends on the viscosity ratio (dispersed-phase

viscosity, mD, divided by the continuous-phase viscosity, mC) and on the capillary

number, Ca, defined as
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Ca¼ amCG
gwo

(13.5)

where a is the droplet radius and G is the shear rate (Briscoe et al., 1999; Janssen et al.,

1994). Droplet breakup occurs when the balance between the shearing stress and the

retracting interfacial tension becomes higher than a critical value, as shown by the solid

line in Figure 13.4 (Grance, 1982; Rallison, 1984). The figure demonstrates that no

droplet breakup occurs when mD>4� of mC under the simple shear flow. This means

that the emulsification of asphalt into water would not occur in the simple shear flow.

Pure rotation
l = −1

Simple shear (rotational)
l = 0

Pure shear (irrotational)
l = 1

Figure 13.3 General two-dimensional linear flows characterized by the parameter l which can
vary from �1 (pure rotation) to +1 (pure shear).
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Figure 13.4 Boundaries for break-up of a liquid drop subjected to the simple shear and

extensional flow. No droplets break-up occurs when the viscosity of the suspended drop is more

than 4� of the suspending medium under the simple shear flow. In contrast, droplets break-up

occurs under a wide range of conditions under the extensional flow.

Paving with asphalt emulsions 401



Under the extensional flow, the viscosity ratio plays only a minor role, and droplet

breakup occurs under a wide range of conditions onceCa is below the critical value, as

shown in Figure 13.4 (Chin and Han, 1979, 1980). Here, the droplet is stretched into a

thin liquid thread under the pure shear flow without rotation, and breaks into a great

number of daughter droplets due to the growth of instabilities on the droplet surface

(Khakhar and Ottino, 1987; Rumscheidt and Mason, 1962).

The colloid mill employs a very high-shear extensional flow, and is capable of dis-

persing a highly viscous fluid at a high-volume fraction into a low-viscosity medium.

Here, it is the capillary-force-driven breakup in the mill, and lowering the interfacial

tension is not necessarily beneficial for the emulsification (Wieringa et al., 1996). Use

of appropriate emulsifiers is, however, essential to achieving desired storage stability

and application properties of the emulsions produced.

13.4.2 Emulsion rheology

Table 13.1 represents a typical formulation for preparing 3 kg of a CRS emulsion con-

taining approximately 65% asphalt. The resulting asphalt emulsion has mean particle

size of 2–5 mm in diameter with distribution from 0.3 to 20 mm, as illustrated in

Figure 13.5 (narrow distribution). The emulsion contains as many as 3�1013 asphalt

droplets, and their total surface area exceeds 600 m2. In contrast, the surface area of

the bulk asphalt is only 2�10�3 m2 prior to the emulsification. There is no doubt that
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Figure 13.5 Particle size distributions of typical asphalt emulsions having narrow and broad

distributions. A 20 mm in diameter particle has the equivalent volume of 8000 fine particles.

Table 13.1 A typical formulation for the CRS asphalt emulsion

Materials Asphalt Emulsifier HCl Water

Weight 2 kg 4 g 3 g 900 g
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this large number of particles with enormous surface area must have a significant

influence on the rheological and application properties of asphalt emulsions.

The apparent viscosity of a liquid increases with the addition of colloidal particles.

Einstein (1906) calculated the increases in viscosity with volume fraction of the col-

loidal particles, and obtained the result for low-volume fractions f�1:

m¼ mo 1 + 2:5fð Þ (13.6)

where m is the apparent viscosity of the dispersion and mo is that of the suspending

medium. Booth (1950) extended the calculation, including the increase in viscosity

due to the presence of an electrical double layer around the colloidal particle:

m¼ mo 1 + m½ �fð Þ (13.7)

His result for the intrinsic viscosity [m] for particles with low z-potentials can be

written as

m½ � ¼ 2:5 + by2Q tð Þ (13.8)

Here, b is the average dimensionless ion size, related to ion mobility; y is the reduced
z-potential (ez/kBT, where e is the electron charge, kB the Boltzmann constant, and

T the absolute temperature); and Q(t) is the function of the double-layer parameter,

t¼ ka, k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2noz2=ekBT

p
, k being the reciprocal double-layer thickness, no and

z the number of ions and their valency in the solution, and e the permittivity of the

solution. The function ofQ(t) approaches infinity as t! 0, that is, as the double-layer

thickness approaches infinity or, equivalently, as the ion concentration approaches

zero. For a neutral sphere and/or t!1, m½ �! 2:5.
The contribution to the viscosity of the order of f2 can be expressed as (Batchelor

and Green, 1972; Cox and Brenner, 1971):

m¼ mo 1 + k1f + k2f
2

� �
(13.9)

Here, k1 ¼ m½ �ð Þ and k2 are the first and second virial coefficients, originating from the

energy dissipation (mG2) due to the disturbance flow around a sphere and around two

colliding spheres, respectively. k2 is a function of the type of flow and Péclet number,

Pe¼Ga2=D, where D is the diffusion constant, and for the spherical particle,

D¼ kBT=6pamo. For Pe¼1, k2 � 5:2 and 7:0 for the simple and extensional flow

(l¼ 0 and 1, respectively) in Figure 13.3, respectively (Takamura and van de

Ven, 2010).

For dispersions of highly charged colloidal particles, increase in k2 due to the elec-
tric double-layer interactions is usually referred to as the secondary electroviscous

effect, and can be approximated as (van de Ven, 1989):

k2 ¼ ko2 +
3

40t5
ln

a
ln a= ln að Þð Þ

� �� �4
ln

a
ln að Þ

� �
(13.10)
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where k2
o is the second virial coefficient in the absence of electrostatic particle inter-

actions, and a¼ 4pe2atexp 2tð Þ=kBT. At low electrolyte concentrations (small t), the
secondary electroviscous effect is known to be significant.

Van de Ven (1989) extended Equation (13.9) to highly concentrated dispersions

using a modified effective-medium theory, and obtained

m¼ mo
1�f=fm

1� kofm�1ð Þf=fm

� ��2:5fm= 2�kofmð Þ
(13.11)

where fm is the volume fraction at which the viscosity reaches an infinite value

(fm ffi 0:74 for hexagonal cross-packing of nondeforming monodisperse particles

and 0.85 for polydisperse dispersions), and ko is the particle interaction parameter rel-

ative to the hydrodynamic forces.

Equation (13.11) has been successfully applied to examine the shear-thinning

behavior of concentrated latex dispersions over a wide range of conditions of

10�3<m<102 Pa s and 10�3<G<104 s�1 (Takamura and van de Ven, 2010). The

equation assumes that the shear thinning is a result of the energy dissipation associated

with hydrodynamic and colloidal particle interactions, and ko ffi 1:7 at the high-shear

limit. The particle trajectories of two colliding spheres in simple shear flow are a

strong function of their size ratio (Adler, 1981), and the time these spheres spend

within the separation distance where the colloidal forces becomes significant,

decreases sharply as one sphere is smaller than the other. Therefore, a lesser degree

of energy dissipation is associated with colloidal particle interactions when the par-

ticle sizes are different, even at lower shear rates, and the electroviscous effect

is weaker.

Equation (13.11) would lead us to a number of new insights for understanding the

rheological properties of the asphalt emulsions. Figure 13.6a illustrates the estimated

low-shear (1<G<10 s�1) viscosity versus asphalt content of two emulsions having

distinctly different size distribution. The upper curve in this graph represents a typical

asphalt emulsion with narrow-size distribution, as shown in Figure 13.5. Only a few

percent increase in the (effective) asphalt content would result in significant increase

in the emulsion viscosity, as demonstrated by swelling of the water-in-oil-in-water

emulsion during storage (James et al., 1999). This type of emulsion also shows strong

shear-thinning behavior, as illustrated in Figure 13.6b, due to the secondary electro-

viscous effect (Johannes and Bahia, 2013; Nuñez et al., 2000). As seen in the figure,

the magnitude of the shear-thinning behavior is highly sensitive to the asphalt content.

In contrast, the emulsion depicted by the lower curve in Figure 13.6a (similar to the

one with the broad distribution in Figure 13.5) is near the Newtonian fluid. The pres-

ence of one 20 mm diameter particle is equivalent to the absence of 8000 fine particles

of 1 mmdiameter, thus drastically altering particle–particle interactions under the sim-

ple shear flow. Equation (13.11) predicts that the concentrated emulsion is the shear-

thinning behavior under simple shear flow (Figure 13.3), but shear thickening in

extensional flow. This fact should be considered when evaluating the sprayability

of CRS emulsions.
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13.5 Fundamental aspects of dispersion stability
of asphalt emulsions

13.5.1 Electric properties of asphalt/water interface

In 1937, Danielli (1937) stated, “The work of Donnan (1899), Jahrisch (1922),

Hartridge and Peters (1922) and Peters (1931) has shown that the interfacial tension

between solutions of long-chain acids, or amines, and aqueous solutions is much low-

ered when the pH of the aqueous phases is such that the end group of the acid or amine,

which forms the interfacial film between the immiscible solvents, is electrically dis-

sociated. . . . Close inspection of Peter’s curves shows, however, that the range of pH

over which the interfacial tension change occurs with the fatty acids is about 3 units of

pH more alkaline than the range over which dissociation occurs in bulk phases; also

that dilution of the buffer solutions, without changing in pH, may cause a rise in inter-

facial tension. . . . Those results strongly suggest that the pH in the surface layer may

not be the same as in the bulk aqueous phase.” Zisman (1941) also confirmed Daniel-

li’s observation through examining the effects of polar components on the spreading

of mineral oil on water.

The dissociation behavior of the ionizable charge groups as a function of both bulk

pH and electrolyte concentration can be quantitatively predicted by the ionizable

surface-group model (Healy andWhite, 1978; Takamura and Chow, 1985). For exam-

ple, let us assume the charge of the bitumen/water interface is derived from the dis-

sociation of carboxyl groups derived from natural acid groups in the bitumen (i.e.,

heavy crude oil from Athabasca oil sand in Canada):
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Figure 13.6 (a) Predicted viscosity vs. asphalt content relationship for narrow and broad

particles distributions at 1<G<10 s�1. (b) Shear thinning behavior of the asphalt emulsion

with narrow-size distribution at asphalt contents between 0.55 and 0.73.
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RCOOHÐRCOO� +H+ (13.12)

and

Ka ¼ RCOO�½ � H+½ �s
RCOOH½ � (13.13)

where Ka is the dissociation constant for the surface group and H+½ �s is the hydrogen-
ion concentration in the vicinity of the COO� sites on the surface. We assume H+½ �s is
related to the bulk hydrogen-ion activity H+½ �b by

H+½ �s ¼ H+½ �bexp �yoð Þ (13.14)

where yo is the reduced surface potential:

yo ¼ eco

kBT
(13.15)

Here co is the surface potential. H+½ �s > H+½ �b, because exp �yoð Þ> 1 because of

co < 0 for the negatively charged surface. Equation (13.14) implies that hydrogen ions

are preferentially accumulated near the negatively charged bitumen surface. Equa-

tion (13.14) may be rewritten as

pHs ¼� log H+½ �s
	 
¼ pHb +

yo
2:303

(13.16)

indicating that pHs < pHb because yo < 0, where pHs and pHb are the pH in the vicinity

of the surface and in the bulk solution, respectively. This derivation assumes that these

effects are solely due to the coulombic interaction between positive hydrogen ions and

the negatively charged surface.

We have assumed that the surface charge is due to the dissociation of the carboxyl

groups on the surface; thus, the surface charge density, so, is given simply by

so ¼�e COO�½ � (13.17)

The total surface density of functional groups, Ns, is given by

Ns ¼ COO�½ �+ COOH½ � (13.18)

Combining Equations (13.13), (13.14), (13.17), and (13.18) results in

so ¼ �eNs

1 + H+½ �b=Ka

� �
exp �yoð Þ (13.19)

The charge density, sd, in the diffused electric double layer may be related to the sur-

face potential by equating the surface charge to the net space charge in the double

layer and applying the Gouy–Chapman theory:
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sd ¼�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8noekBT

p
sinh zyo=2ð Þ (13.20)

By assuming sd ¼�so, the solution of Equations (13.19) and (13.20) provides an

explicit relationship between the surface charge density and surface potential in terms

of bulk pH, no, and Ns:

pHb ¼�yo=2:303 + pKa� log
y

sinh zyo=2ð Þ�1

 �
(13.21)

where

y¼ �eNsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8noekBT

p (13.22)

In Equation (13.21), both y and yo have negative values for the bitumen/water inter-

face. Equations (13.21) and (13.22) allow a direct calculation of the bulk pH required

to establish any arbitrary surface potential at given Ns, pKa, and bulk electrolyte con-

centration, C, expressed in mol dm�3 because no ¼ 103CNA, where NA is Avogadro’s

number. Once a co�pHb relationship has been obtained, the surface charge density,

so, can be calculated using Equation (13.20).

Calculated relationships between so and pHb are shown in Figure 13.7a using

values of pKa ¼ 4:5 and Ns ¼ 2�1018m�2, which correspond to the monolayer cov-

erage of carboxylic acid at the bitumen/water interface, in aqueous NaCl solutions of

10�3, 10�2, and 10�1 M. The ionizable surface-group model predicts that 50% disso-

ciation of acid groups occurs at pHb is 6.4, 7.4, and 8.4 in these three NaCl concen-

trations, respectively, thus successfully confirming Danielli’s observation: “The range

of pH over which the interfacial tension change occurs with the fatty acids is about 3

units of pH more alkaline than the range over which dissociation occurs in bulk

phases; also that dilution of the buffer solutions, without changing in pH, may cause

a rise in interfacial tension.” The figure also explains why the anionic asphalt emulsion

is produced at a particular pH range of 10.5–12.5, where naturally occurring carbox-

ylic acids in the asphalt are 90–100% dissociated.

The above discussed calculation can be extended to include the specific interaction

between Ca2+ and RCOO� on the bitumen surface:

RCOO� +Ca2+ ÐRCOOCa+ (13.23)

and the Ca2+-binding constant is defined by

KCa ¼ RCOO�½ � Ca2+½ �s
RCOOCa+½ � (13.24)

Here again, the subscript “s” refers to the concentration of ions in solution immedi-

ately in contact with the bitumen surface. As in Equation (13.14), Ca2+½ �s is related to
the bulk calcium ion concentration, Ca2 +½ �b:
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Figure 13.7 Predicted (a) surface charge density, (b) surface potential, and (c) z-potential as
a function of the bulk pH at three different electrolyte concentrations of 10�1, 10�2, and

10�3 M NaCl at 25 °C. Arrows indicate conditions 50% dissociation of carboxyl groups at

the bitumen/water interface.
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Ca2+
� �

s
¼ Ca2+
� �

b
exp �2yoð Þ (13.25)

The surface charge density can now be expressed as

so ¼ eNs�
Ca2+½ �b=KCa

� �
exp �2yoð Þ� H+½ �b=Ka

� �
exp �yoð Þ

1 + Ca2+½ �b=KCa

� �
exp �2yoð Þ+ H+½ �b=Ka

� �
exp �yoð Þ (13.26)

Now, in the presence of both mono and divalent ions, the equation is expressed as

sd ¼ 2ekBT
X
i

noi exp �ziyoð Þ�1½ �
( )1=2

(13.27)

where ni
o and zi are the ion densities in the bulk solution and their valencies, respec-

tively. Equations (13.26) and (13.27) are solved numerically, using pKCa ¼ 0:53 for

the acetic acid (Chow and Takamura, 1988).

Similar arguments show that for cationic emulsions, the pH at the surface of the

asphalt droplet is higher than the bulk pH, and the extent of protonation of basic amine

groups is correspondingly less. Because of naturally occurring carboxylic acids in the

asphalt, the surface charge will depend also on the relative amounts of cationic and

anionic groups at the interface. This is discussed in more detail in Section 13.5.2.4.

13.5.2 DLVO theory of dispersion stability

13.5.2.1 Stability diagram of bitumen emulsions

The dispersion stability of the bitumen emulsion can be predicted using the DLVO

(Derjaguin, Landau, Verwey, and Overbeek) theory of colloid stability (Hunter,

1986) in conjunction with the ionizable surface-group model as a function of pH

and electrolyte concentration (Takamura et al., 1987). The total potential energy,

Vttl(h), between a pair of bitumen droplets can be calculated as a function of the sep-

aration distance, h, between the surfaces using the relation

Vttl hð Þ¼Vrep hð Þ+Vattr hð Þ (13.28)

where Vrep(h) and Vattr(h) are the double-layer and van der Waals interactions, respec-

tively. Vrep(h) can be calculated using z-potential of particles, shown in Figure 13.7c

(Gregory, 1975):

Vrep hð Þ¼ a1a2
a1 + a2

�128pnokBT
k2

Y1Y2 exp �khð Þ (13.29)

where Y1 ¼ tanh ze1=4kBTð Þ, and a1 and z1 are the radius and z-potential of droplet 1,
and so on. The retarded van der Waals attraction is expressed (Gregory, 1981).
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Vattr hð Þ¼�Abwb

6h
� a1a2
a1 + a2

� 1�5:32h

n
ln 1 +

n
5:32h

� �� �
[13.30]

Here, Abwb is the Hamaker constant between bitumen particles in water and n is the
London wavelength of roughly 100 nm. An approximate value of Abwb can be esti-

mated from the expression (Hunter, 1986)

Abwb ¼
ffiffiffiffiffiffiffi
Abb

p
�

ffiffiffiffiffiffiffiffiffi
Aww

p� �2
(13.31)

where Abb and Aww are the Hamaker constants of bitumen and water in vacuum. Using

the values of 6.0�10�21 and 3.5�10�21 J for Abb and Aww, respectively (Takamura

and Chow, 1983), Equation (13.31) yields Abwb¼5.7�10�21 J (Takamura and

Wallace, 1988).

Figure 13.8a and b represents examples of the calculated Vttl(h) for anionic bitumen

emulsions in four different concentrations of NaCl and CaCl2 solutions at pH 6.0. The

particle radius was assumed to be 2.0 mm (a1¼a2 and z1¼z2). The presence of a deep
secondary energy minimum of approximately �40 kBT in 3�10�1 M NaCl, which is

the result of the high z-potential of bitumen particles even at such a high NaCl
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Figure 13.8 Calculated Vttl(h) for bitumen particles in the presence of four different

concentration of (a) NaCl and (b) CaCl2 at pH 6. The deep secondary minimum of

approximately �50 kBT exists in 3�10�1 M NaCl, causing flocculation of bitumen emulsions.

The presence of as low as 2�10�2 M CaCl2 in the emulsion would cause coalescence of

bitumen droplets. Ca2+ is the bivalent counter ion for negatively bitumen particles.
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concentration (Figure 13.7c), can be seen in Figure 13.8a. The bitumen droplets will

weakly flocculate around this electrolyte concentration.

The stability diagrams for bitumen emulsions were constructed by conducting sim-

ilar calculations at various pH and electrolyte concentrations, as shown in Figure 13.9a

and b for NaCl and CaCl2 solutions, respectively. Vertical lines at 0.43 M NaCl and

0.011 M CaCl2 represent critical coagulation concentrations (ccc) for monovalent and

bivalent counterions, above which the emulsion becomes unstable.

In asphalt emulsions stabilized with carboxylic acid emulsifiers, the surface of the

droplets may not be fully covered with surfactant, or, on the other hand, the surface

may be full and the water phase (serum) of the emulsion may contain excess
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Figure 13.9 Stability diagram of bitumen droplets as a function of pH and electrolyte

concentrations: (a) for NaCl and (b) for CaCl2. Estimated % dissociation of the carboxyl acids

on the bitumen surface are also indicated in (a). Experimentally determined stability of the

bitumen droplets (symbols) agrees well with the prediction.
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emulsifier. Titration of anionic asphalt emulsion with calcium chloride solution at the

natural pH of the emulsion (typically 11–12) is widely used in the industry to estimate

reactivity. In the test, known as the demulsibility test, a 0.01 M calcium chloride solu-

tion is added to emulsion in a proportion to give an approximately 0.005 M solution

when combined with the water phase of the emulsion. If substantial coagulation

(>40%) of the emulsion occurs, then the emulsion is classified as RS.

13.5.2.2 Experimental confirmation of the stability diagram

The stability of the bitumen emulsion produced from Athabasca oil sand (high-acid-

number heavy crude oil) was studied as a function of NaCl and CaCl2 at various pH

(Takamura et al., 1987). Here, a 10 mL aliquot of the bitumen emulsion (4% bitumen)

was placed in a test tube, and the pH and electrolyte concentration were adjusted by

adding a small amount of NaOH or HCl, and NaCl or CaCl2 solutions. After gently

mixing, the sample was left standing for 24 h, and any changes in the emulsion sta-

bility (stable, weakly coagulated, or strongly coagulated) were recorded.

The emulsion was stable below 0.08 MNaCl at pH 6. Small-size aggregates started

to appear in 0.1 M, and their size and number increased in 0.2 M NaCl. The formation

of large-size aggregates was clearly seen in 0.6 M NaCl, and complete coalescence of

these aggregates were seen as the emulsion was heated to 70 °C (lowering the bitumen

viscosity from 400 to 2 Pa s). Results of the observed coagulation behavior of the

emulsion in NaCl and CaCl2 solutions are superimposed on the theoretical stability

diagrams in Figure 13.9a and b, respectively. These figures demonstrate that the sta-

bility of the bitumen emulsion can be adequately predicted using z-potentials calcu-
lated from the ionizable surface-group model in conjunction with the DLVO theory,

without any experimentally determined variables.

13.5.2.3 Stability test of cationic asphalt emulsions

Figure 13.9a indicates that as little as 10–30% dissociation of carboxyl groups

(so � 30�90 mC=m2, respectively) is enough to maintain the stable dispersion at

[NaCl]<0.3 M. This suggests that the electrostatic interaction alone would not be

enough to control the reactivity of the asphalt emulsion, and that it is necessary to

use application-specific surfactants that provide desired stability through electrosteric

stabilization.

Figure 13.10a and b compares the coagulation behavior of CRS and CQS emul-

sions in 1 M NaCl and 0.02 M Na2SO4 solutions. SO4
2� is the bivalent counterion

for the cationic emulsion. Asphalt droplets in the CRS emulsion form small-size coag-

ula in 1 M NaCl, and completely coalesce to become just one blob at the bottom of a

vial in the presence of 0.02 M SO4
2�, demonstrating that asphalt droplets in this emul-

sion are stabilized by the electrostatic interaction alone. In contrast, the CQS emulsion

maintains some stability in 1 M NaCl, forming only very fine coagula, and coagulum

size remains relatively small even in 0.02 M Na2SO4.

As discussed in Section 13.2, the CRS emulsifier is with a small hydrophilic “head”

group, which provides the electrostatic interaction to asphalt droplets. Emulsifiers for
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less reactive emulsions are with bigger size “head” groups, which prevent asphalt par-

ticles approaching below 0.5–2 nm (steric repulsion), thus weakening or overcoming

strong van der Waals attractive forces at h<2 nm. The slower the setting, the bigger

the size of “head” groups in the emulsifier molecules.

13.5.2.4 Mathematical models for asphalt/water
and aggregate/water interfaces

Some crude oils and asphalt contain naturally occurring acid as well as base groups

(Salou et al., 1998), and the ionizable surface-group model was extended to take the

zwitterionic nature of the interface into account (Buckley et al., 1987; Harding and

Healy, 1985):

AHÐA� +H+ (13.32)

and

BH+ ¼B+H+ (13.33)

Here, A� and BH+ represent acidic and basic groups at the interface, and their disso-

ciation constants are defined by

CRS emulsion CQS emulsion CRS emulsion CQS emulsion

0.1 M NaCl 0.02 M Na2SO4

(a) (b)

Figure 13.10 Coagulation behaviors of CRS and CQS emulsions in (a) 0.1 M NaCl and

(b) 0.02 M Na2SO4. SO4
2� is the bivalent counter ion for positively charged CRS and CQS

emulsion particles. Results demonstrate the CRS emulsion is stabilized by the electrostatic

interaction alone but the CQS emulsion is electrosterically stabilized.
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Ka1 ¼ A�½ � H+½ �s
AH½ � (13.34)

and

Ka2 ¼ B½ � H+½ �s
BH+½ � (13.35)

Similar to Equations (13.19) and (13.26), so for this type of interface can be written as

so ¼ eNa1� f

1 + Ka2= H+½ �b
� �

exp yoð Þ

 !
� 1

1 + H+½ �b=Ka1

� �
exp �yoð Þ

 !" #

(13.36)

where fractional coverage, f, of the surface by acidic and basic groups is expressed as
f ¼Na2=Na1, and Na1 and Na2 are the total number of acidic and basic sites at the inter-

face, respectively. Fractions of acid and base groups dissociated, [A�] and [B+],

respectively, are represented in Figure 13.11; together with [A�]+ [B+] at [NaCl]¼
0.01 and 0.1 M using Na1 and Na2 are 1.0�1018 and Na2¼1.1�1018 m�2, respec-

tively. The pKa1 and pKa2 for the acid and base groups are assumed to be 4.5 and

10, respectively. These variables are chosen to represent the CRS asphalt emulsion

with a primary amine emulsifier (Castro et al., 1986) and relatively low-acid-number

asphalt. Acid values of paving-grade asphalts range up to 4 mg KOH/g (7 mequiv./

100 g), which is comparable to the amine value of a rapid-set emulsifier like tallow-

diamine, which at 0.2% on emulsion is about 4 mequiv./100 g asphalt.

Dissociation behavior of these charge groups is rather complex, because pHb is

now influenced by both [A�] and [B+]. The figure indicates that the CRS emulsion
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Figure 13.11 Fraction of acid [A�], base [B+] and sum of dissociated surface groups for

the CRS asphalt emulsion as a function of the bulk pH in 0.01 and 0.1 M NaCl. See the text for

detailed conditions.
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becomes negatively charged at pH>9 due to excess [RCOO�]. z-Potential measure-

ments on diluted cationic asphalt emulsions (with uncontrolled ionic strength) confirm

this behavior (Samadijavan, 1994; Wates and James, 1993), with emulsion based on

high-acid-value Venezuelan bitumen and 0.2% tallowdiamine hydrochloride having a

point of zero charge of pH 8, compared to pH 10.5 for an emulsion of neutral oil.

Similarly, the amphoteric nature of the silica/water interface can be described by

(Healy and White, 1978)

SiOH2
+ Ð SiOH+H+ (13.37)

and

SiOHÐ SiO� +H+ (13.38)

Dissociation constants for these reactions are given by

K + ¼ SiOH½ � H+½ �s
SiOH2

+½ � (13.39)

and

K� ¼ SiO�½ � H+½ �s
SiOH½ � (13.40)

An expression for the surface charge density is now given by

so ¼ eNm� H+½ �b=K�
� �

exp �yoð Þ� K�= H+½ �b
� �

exp yoð Þ
1 + H+½ �b=K +

� �
exp �yoð Þ+ K�= H+½ �b

� �
exp yoð Þ (13.41)

Once again, the conditions that satisfy so + sd ¼ 0 (Equations 13.19 and 13.41) can be

solved numerically to obtain the co�pHb relationship. A predicted z versus bulk pH

relationship for the silica surface is shown in Figure 13.12, using Nm¼1�1018 m�2,

and pK+ and pK� of 1 and 5, respectively, in aqueous solutions of 0.03 MNaCl. Those

variables are chosen to fit measured results by Wiese et al. (1971). The calculation

indicates that less than 5% of surface groups are dissociated at 1<pH<4. The figure

also includes the same relationships for the CRS asphalt emulsion under the same con-

ditions as Figure 13.11, except [NaCl]¼0.03 M. The CRS emulsion becomes nega-

tively charged at pH>9 due to excess [RCOO�].

13.6 Setting mechanism of emulsions

13.6.1 Chip seal

Chip seal is referred to as the surface dressing in Europe. In this application, the road is

sprayed with a CRS asphalt emulsion and then covered with mineral chippings (aggre-

gates). Tausk et al. (1981) provide one of the most comprehensive discussions on the
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curing mechanism of the asphalt emulsion for the chip seal application. They have

described the curing of the emulsion as a two-stage process: (i) deposition and con-

solidation of asphalt droplets around the aggregate surface and (ii) water evaporation

from the bulk emulsion surrounding the aggregates.

13.6.1.1 Deposition diagramof asphalt emulsion on the aggregate

The Hamaker constant between the asphalt droplet and aggregate (silica) in water,

Abws, can be estimated using the relationship

Abws ¼
ffiffiffiffiffiffiffi
Abb

p
�

ffiffiffiffiffiffiffiffiffi
Aww

p� �
�

ffiffiffiffiffiffi
Ass

p
�

ffiffiffiffiffiffiffiffiffi
Aww

p� �
(13.42)

and Abws ¼ 1:0 � 10�20 J, using Ass ¼ 1:7 � 10�20 J, where Ass is the Hamaker con-

stant of silica particles in vacuum (Takamura and Wallace, 1988).

Similar to predicting the dispersion stability of the bitumen emulsion, it is now pos-

sible to construct a deposition diagram of the CRS asphalt particles on the silica sur-

face using their z-potential versus pH relationships, and results are superimposed in

Figure 13.12. Here, we have assumed that the emulsion serum contains 0.03 M NaCl,

representing a relatively low level of the emulsifier and 2<pH<3 of the CRS emul-

sion. In this diagram, no deposition of emulsion particles occurs if z-potential of the
silica surface exceeds the value indicated by the boundary line due to adsorption of

free CRS emulsifiers on its surface.
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Figure 13.12 z-Potential vs. bulk pH relationships for asphalt particles in the CRS emulsion

and clean silica surfaces as a function of bulk pH in 0.03 M NaCl. The deposition boundary

for the asphalt particle on the silica surface is superimposed. Asphalt particles would not deposit

on the silica surface when the z-potential of the silica surface fell above the non-deposit

boundary line by adsorbing free cationic emulsifier molecules from the CRS emulsion.
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13.6.1.2 Deposition and consolidation with nonreactive
aggregates

The first stage of the curing of the chip seal can be best visualized with a simple test

performed by Rodrı́guez-Valverde et al. (2008). Here, a drop (8 mL) of CRS emulsion

is placed on a polished siliceous aggregate surface. This type of aggregate is classified

as acidic and nonreactive against the cationic asphalt emulsion (Tausk et al., 1981),

and the asphalt emulsion maintains its original pH�3 even after contact with the

aggregate (Deneuvillers, 1997). A thin water-film, free of asphalt particles, spreads

ahead of the bulk emulsion drop immediately after deposition and maintains its

near-spherical-shape three-phase (air/emulsion/aggregate) contact line, and the dried

emulsion drop exhibits a “volcano” shape deposit with a ring-like outer ridge and a

slightly collapsed interior, as seen in Figure 13.13. This is the characteristic shape

of a dried emulsion drop from stable dispersion, but a cone-shaped deposit results

from unstable dispersion (Erkselius et al., 2008). The water-film continues to spread,

even after semisolidification of the outer edge of the droplet. The originally hydro-

philic surface of the siliceous aggregate becomes hydrophobic as a result of contact

with the water-film (which contains free cationic surfactant molecules) from the

asphalt emulsion at the outer perimeter of the dried emulsion (Rodrı́guez-Valverde

et al., 2008).

Figure 13.13 Top (a and b) and side (c and d) views of an emulsion drop (8 mL) on a polished
siliceous aggregate surface. (a) A fast spreading water, free of asphalt particles, can be seen

around the drop contact line. The inner bright ring is the light source reflection. (c) After

10.5 min drying, the drop has collapsed to exhibit a ‘volcano’ shape deposit with a ring-like

outer ridge and a slightly collapsed interior.

After Rodrı́guez-Valverde et al. (2008).
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The deposition diagram shown in Figure 13.12 indicates that the z-potential of the
clean silica is near neutral and in the vicinity of the nondeposition boundary at

2<pH<4, where the asphalt particle possesses a highly positive z-potential. Only
a limited deposition of asphalt particles is enough to prevent their further deposition

on the silica surface. These partially deposited asphalt particles on the silica surface

act as a filter to particles, but allow the transport of water from the bulk emulsion

toward the spreading thin film. This results in rapid rises in asphalt content near

the outer edge of asphalt emulsion on the silica surface.

The buildup of the apparent viscosity during this consolidation process is depicted

in Figure 13.14, which extends to 78% asphalt content and also includes the near-low-

shear-limit viscosity (G�0.01 s�1). Tausk et al. (1981) reports that the consolidation

occurs at around 50–60% loss of water from the emulsion, and this corresponds to an

increase in the asphalt content from 62% to �78%. This would cause a more than

330,000-time increase in the low-shear viscosity, from 0.3 to >100,000 Pa s for the

emulsion with narrow-particle-size distribution. In comparison, the low-shear
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Figure 13.14 Same as Figure 13.6 but extended to 78% asphalt content and plotted against

exponent of the emulsion viscosity. Dashed lines are for the estimated low-shear limit

(G�0.01 s�1) viscosity. The viscosity of the asphalt emulsion with narrow-particle size

distribution sharply increases at higher asphalt content, whereas that with a broad-size

distribution shows only minor changes.
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viscosity of the emulsion with a broad-size distribution increases less than 100 times,

from 0.06 to 4 Pa s at the same condition.

The above observation by Rodrı́guez-Valverde et al. (2008) has been confirmed

with chip seal aggregates, as shown in Figure 13.15. The CRS emulsion strongly wets

(near-zero contact angle) the aggregate surface, clean water quickly wicks through the

aggregate surface, and some of the aggregate surfaces are entirely wetted with water.

This increase in the water-wetted surface significantly enhances the water evaporation

rate, thus translating to faster curing.

The use of fine emulsion with narrow-size distribution is the most critical param-

eter for a successful chip seal operation, which provides quick aggregate retention

(Deneuvillers, 1999; Tausk et al., 1981). The smaller and narrower the size distribu-

tion, the larger the total surface area of the asphalt particles, and the fewer the free

emulsifier molecules in the emulsion serum. Therefore, it is possible to maintain

the hydrophobic nature of the aggregate surface during the chip seal operation, which

promotes strong asphalt adhesion after full curing. The formation of the bilayer emul-

sifiers makes the aggregate surface hydrophilic (Deneuvillers, 1997).

13.6.1.3 Water evaporation

The rate of water evaporation from the colloidal dispersion is a linear function of the

square root of time, and at the early stage of drying is nearly the same rate as pure water

under the same conditions of humidity, temperature, andwind speed.A stable dispersion

maymaintain this linear drying rate until nearly complete water loss (below 5% residual

water content), as demonstrated using a concentrated polydimethylsiloxane (PDMS) oil-

in-water (o/w) emulsion stabilized with 20 mM sodium dodecylsulfate as an emulsifier

(Aranberri et al., 2004). Similar observations were also reported with anionic latex dis-

persion (Erkselius et al., 2008) and the CRS asphalt emulsion (Banerjee et al., 2012;

Lesueur et al., 2001). Particles may become concentrated at the surface, leading eventu-

ally to a reduction in drying rate to below that of pure water. Also, as water is lost, the

Figure 13.15 A photograph demonstrating rapid wicking of water on the aggregate surface

immediately after placed on the CRS asphalt emulsion.
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concentration of ions in the serum rises andmay exceed the ccc of the dispersed particles.

The result of coalescence is that water evaporation slows and stops well before all the

water is lost. For the PDMS system, this effect has been demonstrated by the addition

of electrolytes (i.e., NaBr) to the PDMS o/w emulsion. The phase inversion of the o/w

emulsion also observed above-critical NaBr concentration for a given volume fraction

of thedispersedoil.Theadditionofcalciumchloride to theasphalt emulsionwassimilarly

shown to slow the water evaporation (Lesueur et al., 2001).

13.6.1.4 Problems associated with reactive aggregates

The pH of the CRS emulsion rises quickly to near 7 in contact with reactive aggregates,

for example, basalt and carbonate (Deneuvillers, 1997; Tausk et al., 1981). The silicate

part of these aggregates possesses a high negative z-potential, but that of the CRS emul-

sion particles continuously decreases from near 40 to 10 mV at pH 8. TheDLVO theory

predicts that the CRS emulsion becomes unstable, and coalescence of asphalt particles

would occur at pH>6.5. This means that the aggregate surface in contact with the CRS

emulsion will be completely covered by asphalt particles, and further deposition of

asphalt particles continues. This dense deposition of the asphalt on the aggregate sur-

face chokes off the water flow, and the aggregate surface along the three-phase contact

line remains dry. A water-impermeable asphalt film forms at the asphalt emulsion/air

surface and further retards evaporation of water from the bulk asphalt emulsion. Very

slow curing of the CRS emulsion with reactive aggregates is expected. Some water

might also be trapped within the “dried” asphalt emulsion and/or under the aggregate,

causing potential chip loss during winter months as the trapped water freezes.

13.6.2 Slurry seal and microsurfacing

Slurry seal and microsurfacing are a homogeneous mixture of well-graded fine aggre-

gates, latex-modified asphalt emulsion, water, and mineral fillers applied to old pave-

ment for preventive maintenance. A small amount of Portland cement, hydrated lime,

or fly ash aids in setting. The microsurfacing mix has to be fluid enough for 2–3 min

(mix time) so that the formulated mix can be spread uniformly on the pavement sur-

face to be treated. The mix should also develop enough strength (cohesion) that the

treated pavement can be open to traffic within an hour or so.

The CQS and/or CMS emulsions for this application are prepared with a higher

emulsifier level and lower pH (<2) than those of the CRS emulsion, and a high-

acid-number asphalt is preferred for quick curing. Electric properties of the

asphalt/water interface are simulated in the presence of 0.1 M NaCl in the aqueous

phase, representing higher levels of emulsifier and HCl. pKa2¼13 represents the

chemistry of cationic surfactants for this application. In the low-pH emulsion, the

majority of carboxyl groups on the asphalt particles are in protonated form, and

amines from the cationic surfactant determine a positive surface charge. In the micro-

surfacing process, cement reacts with water:

CaO+ H2O !Ca OHð Þ2# (13.43)

420 Advances in Asphalt Materials



or hydrated lime is used directly and the emulsion pH rises to 11–12, where organic

acids are fully dissociated. At the same time, the degree of dissociation of the cationic

surfactant decreases, resulting in the net negative charge of asphalt particles (espe-

cially those with high-acid-number asphalts), as shown by the z-potential versus
pH relationship shown in Figure 13.16.

Limited solubility of calcium salt in lime or Portland cement maintains approxi-

mately 25 mM Ca2+ in water. These Ca2+ complex with RCOO� to form RCOOCa+

(Equation 13.23), thus maintaining the total charge to be near neutral, which would

result in the destabilization of the asphalt emulsion. However, the asphalt emulsion

for the slurry seal and microsurfacing is designed to flocculate upon neutralization

of the surface charge (Figure 13.10). Flocculated asphalt emulsions with fines in

the aggregate cause a sharp increase in the mix viscosity after 2–3 min of mixing time.

Cohesion of the mix develops slowly when excess water is expelled from the mix,

known as the viscous-sintering phenomenon, described by Bonakdar et al. (2001).

Asphalt viscosity drops sharply at higher temperatures; thus, mixing and curing

become faster during mid-summer days.

Latex polymers, together with these fine-mineral fillers in the aqueous phase of the

slurry seal, transform into a continuous microscopic polymer film surrounding asphalt

particles upon curing (Takamura, 2002). The same paper also describes a liquid-based

setting aid, taking advantage of

2NaOH+CaCl2 !Ca OHð Þ2# + 2NaCl (13.44)
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NaCl, assuming Na2¼2.0�1018 m2 and pKa¼13 for the CQS emulsifier. Three different
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This new system opens possibilities of independently controlling the mix time and

curing behavior of the microsurfacing mix for wide varieties of aggregates and

asphalts, without adjusting the bitumen emulsion formulation.

13.7 Characterization of emulsion residues

The residue-recovery procedure should closely simulate the curing behavior of the

asphalt emulsion during paving operations. We have demonstrated that excess heat

applied to the asphalt emulsion during conventional residue-recovery procedures in

the United States and Canada (i.e., evaporation and distillation methods) significantly

alters the polymer morphology in the recovered residue and hardens the asphalt binder

(Takamura, 2000). The procedure developed for the asphalt emulsion-based warm

mix could be adapted for all other emulsion-based paving technologies (Davidson

et al., 2007; Takamura, 2008).

In this procedure, the asphalt emulsion is placed into a pressure-aging vessel stain-

less steel pan to a depth of less than 5 mm, and dried in a forced airflow oven at 80 °C
for 20 h. The recovered emulsion residue closely simulates the binder in the pavement

after a few days of placement. In comparison, the rolling thin-film oven test aging

procedure simulates the binder aging (loss of volatiles) during the mixing and place-

ment of the hot-mix asphalt, and the binder sample is subjected to 163 °C for 85 min.

Detailed binder characterization by Davidson et al. (2007) and Takamura (2008) dem-

onstrates that the pavement constructed using the emulsion-based warm mix after 10–

15 years of in-service life would be as flexible as freshly placed conventional hot-mix

pavement.

Their studies also demonstrate that the polymer network in the modified asphalt

binder does not prevent oxidation of the asphalt binder; rather, it reduces the net

effects of undesired changes in the rheological properties of the asphalt binder upon

aging or oxidative hardening. These observed advantages should be applicable to all

emulsion-paved technologies. In addition, Khadivar and Kavussi (2013) provide a

detailed comparison of the rheological characteristics of emulsion residues recovered

from the styrene–butadiene and natural-rubber latex-modified emulsions.
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14A new approach for aggregate

grading optimization for

mixtures

F. Olard, S. Pouget
Eiffage Travaux Publics R&D Department, Corbas, France

14.1 Introduction

Roads are a huge public financial asset. For instance, the European road network con-

sists of 5.5 million km, and it represents an estimated value of more than !8 trillion,

managed under local, regional, and national responsibility (European Road

Federation, 2014). Under those circumstances, and because of the ongoing financial

crisis in Europe, different scenarios are currently emerging there in order to maintain

the road network quality. These include more and more chip seals and microsurfacing,

especially on low-volume roads, on the one hand, and optimization of existing asphalt

mix designs in order to “do better with less,” on the other hand. The purpose of this

chapter is to present a new methodology for optimizing mix design, developed in

France in 2010, and from then on widely implemented and generalized in France,

Spain, and South Africa. Such an optimization may bring about huge cost savings,

and make it possible to develop long-lasting asphalt concretes as well.

Controlling the volumetrics and the compactability of asphalt concretes is the first

step of any mix design procedure. Apart from binder-related considerations, because

the aggregates represent 94–96% of the weight of asphalt mixes, predicting, and con-

trolling the packing properties of aggregates is of prime importance. Broadly speak-

ing, the aggregate packing characteristics are mainly influenced by the following five

parameters (Caquot, 1937; Baron and Sauterey, 1982; De Larrard, 1988; De Larrard

et al., 1994; De Larrard and Sedran, 1994, 2002; Corte and Di Benedetto, 2004):

l Gradation (continuously graded, gap-graded, etc.)
l Shape (flat and elongated, cubical, round)
l Surface microtexture (smooth, rough)
l Type and amount of compaction effort (static pressure, impact, or shearing)
l Layer thickness (e.g., Cooper et al., 1985)

This chapter mainly focuses on the first parameter (gradation) by specifically optimiz-

ing the combination of fine and coarse fractions. The result is an interactive network of

coarse particles in asphalt concrete, indirectly providing the strongest mix resistance

(Roque et al., 1997; Kim et al., 2008), and in particular, the highest mix modulus.

Apart from the previous gradation-related considerations, the ability of styrene–

butadiene–styrene (SBS) polymers to reduce fatigue cracking and aging is well
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recognized (Baaj et al., 2005; Dreessen et al., 2011), but the high modulus required for

perpetual pavement base structures usually calls for hard binders (and thus slightly

higher binder content to preserve fatigue resistance), which have viscosity and com-

patibility issues with conventional SBS. Under those circumstances, at Eiffage Tra-

vaux Publics, we set out to combine both optimal aggregate interlock (using

aggregate packing methods initially developed in the field of high-performance

cement concrete) and the use of SBS polymers, in order to obtain both very stiff

and fatigue-resistant polymer-modified base course material in a single formulation.

14.2 Theoretical background on aggregate packing

Many researchers developed empirical methods of relating air void content in mineral

aggregates to the gradation, or proposed “ideal” gradations, which aim for maximum

solid volume density. These theoretical curves are always continuously graded curves,

and they generally have a parabolic form (Nijboer, 1948; Yoder, 1959). They all have

a similar shape when placed on the same plot. The most prevalent theoretical “ideal”

gradation is based on the following empirical equation:

P ¼ 100 d=Dð Þb (14.1)

where P is the percentage of aggregate, by weight, passing a particular sieve; d the size
of openings in the particular sieve (mm);D the maximum size of aggregate particles in

the gradation (mm); and b the coefficient. Nijboer (1948) and Yoder (1959) found that
the maximum density of any continuously graded compacted mix is obtained when b
equals 0.45 or 0.5.

Despite Equation (14.1), Lees (1970) emphasized that correct proportions for min-

imum void content must inevitably be affected by changes of aggregate shape from

source to source and from size to size, by the level of compaction effort applied,

by the presence of lubricating coatings, and by size and shape of the section in which

the material is to be used. In addition, some more general concepts of aggregate pack-

ing were first developed by Caquot in 1937, and then by contemporary researchers

since the 1970s, especially in the field of cement concrete (De Larrard, 1988; De

Larrard et al., 1994; De Larrard and Sedran, 1994, 2002; Andersen and Johansen,

1993). A state-of-the-art of basics has been recently presented by Perraton et al.

(2007), Olard and Perraton (2010a,b), and Olard (2012), transposing those concepts

into the field of asphalt mix design. The following subsections are partially drawn

from these papers.

14.2.1 Basic concepts associated with granular combinations

When filling a container with an aggregate or granular mix, just a fraction of the vol-

ume is occupied by the particles, and the remainder is composed of interstices. It is

worthwhile to remark that for an infinite medium, the void index (e¼volume of

air voids/volume of solid particles) of an aggregate mix composed of one-dimensional
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particles remains, for all practical purposes, independent of particle size (Ben Aı̈m and

Le Goff, 1967; Ben Aı̈m, 1970; Cumberland and Crawford, 1987).

When studying the porosity of mixes composed of two aggregates with differing

yet one-dimensional individual sizes, Caquot first highlighted in 1937 the importance

of two types of interparticle interaction on the void index: the wall effect and the inter-

ference effect. The latter is also called the loosening effect.

The wall effect is tied to the interaction between particles and any type of wall

(pipe, formwork, etc.) placed in contact with the granular mass. The case of a uniform,

two-aggregate mix can be considered in order to understand the concept. The two

composing fractions only differ by their average particle dimension, that is, one for

the coarse aggregate particles and another for the fines. When adding a few coarse

particles into an infinite volume of fines, the void index of the blend is reduced. Nev-

ertheless, the coarse particles disturb locally (at the interface) the arrangement of fines

whose porosity is increasing (i.e., an increasing void index). This local porosity

increase is proportional to the particle surface area of the incorporated coarse aggre-

gate (Caquot, 1937; Chanvillard, 1999). Figures 14.1(left) and 14.2 indicate the wall

effect on the void index of a granular combination when raising the coarse fraction at

the expense of fine aggregates within a binary mix.

By increasing the fraction of coarse particles within the fines, at a certain point a

specific quantity of small particles winds up entrapped in the interstices delimited by

the coarse particles. Therefore, outside of the wall effect, the fine aggregate void index

increases due to interference: the arrangement of fine particles will depend not only on

the surface areas of coarse particle walls (the wall effect), but also on the actual layout

of these particles, that is, the shape of their interstices.

The interference (or loosening) notion can be illustrated by focusing on the effect

induced by introducing a few fine particles into an infinite volume of coarse particles.

As the amount of fines increases, at some point the coarse particles are forced apart by

means of loosening, thus modifying their spatial configuration: interference occurs.

Figures 14.1(right) and 14.2 also display the interference effect on the void index

of a binary granular combination.

Additional void
interstices due to 
the wall effect

Loss of  contact
between coarse
particles

Solid D
Solid d

Void

Figure 14.1 (Left) Schematic of the wall effect (case of the contact of fine particles at the

surface of a coarse particle). (Right) Loosening effect (loss of stone-to-stone contact due to the

all-too-high content of fine particles).
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If the average particle dimension of fines (dFINE) is small enough compared to that

of coarse particles (dCOARSE) (e.g., when the dFINE/dCOARSE ratio is lower than 0.2),

the wall effect is linear and satisfies the superposition principle: the effect of two walls

amounts to the sum of effects of each wall taken individually (Baron and Sauterey,

1982). In contrast, the interference/loosening effect is never linear, and consequently

difficult to frame simplistically (Baron and Sauterey, 1982).

14.2.2 Evolution in aggregate porosity versus
average particle dimension

Furnas (1928), Powers (1968), and Oger (1987) showed the dependence of the shift in

void index (e) versus coarse aggregate portion in a binary combination on the ratio of

average particle sizes. Figure 14.3 reveals that as the ratio of average fine aggregate

dimension to average coarse aggregate dimension rises, interaction effects become

more significant as well.

In order to reduce interactions of intermediate particles with the coarsest ones in the

mix, it is crucial to limit both their size and amount, and fill air voids by a higher frac-

tion of fines instead. In addition, it appears that if the ratio between successive sizes in

a gap gradation is chosen so as to give the most drastic reduction in voids, that reduc-

tion would be equal to, or possibly greater than, the most drastic reduction in voids for

a continuous gradation.

Void index
evolution without
any wall effect
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Experimental
curve

V
o

id
 i
n

d
e
x
 (

e)
F C

Fine
aggregate
void index

Coarse
aggregate
void index

Interference
effectWall

effect

C�

0
0

0.1

0.2

0.3

0.4

0,6

0,2
p – coarse aggregate proportion (p = c / (c + f ))

0,4 0,6 0,8 1,0

D

Void index
evolution without
any interference

effect
e = (C + 1)p−1

Figure 14.2 Schematic of the wall and interference effects (Powers, 1968). f and c are,
respectively, the solid volumes of fine and coarse particles (f+c¼1); F (resp.C)¼void index of

fine (resp. coarse) particles.
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14.2.3 Ideal case of a mix of an extremely fine
aggregate with a coarse aggregate

For a situation in which one aggregate is very fine in comparison with the other (dFINE/
dCOARSE�0.008), Baron and Sauterey (1982) proposed to describe the void index var-

iation of a mix by means of three straight lines (Figure 14.4). Baron defined two

thresholds, pX and pT, which indicate the critical concentrations that enable the elim-

ination of interference effects. Within a binary mix of coarse and fine particles, thresh-

old pX corresponds to the maximum coarse aggregate concentration that can be

combined with fine aggregate without altering the fine aggregate arrangement,

whereas threshold pT is equal to the maximum fine aggregate concentration

(1�pT) for combination with coarse aggregate so as not to interfere with the coarse

particle layout.

Depending on whether the granular mixture has a high (p<pX), medium

(pX<p<pT), or low (p>pT) content of fine aggregates, void index variation can

be defined according to three distinct laws, as shown in Figure 14.4:

– High content of fines in the mix, p<pX:

e ¼ F 1 � pð Þ + Dp (14.2)

where F is the void index of fines and D a parameter of the wall effect (Figure 14.4).
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Figure 14.3 Effect of diameter ratio (dFINE/dCOARSE) on void index (e) of binary granular

blends (Furnas, 1928; Powers, 1968; Oger, 1987).
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– Low content of fines in the mix, p>pT:

e ¼ C + 1ð Þ p � 1 (14.3)

where C is the void index of coarse particles (Figure 14.4).

– Medium content of fines in the mix, pX<p<pT:

e ¼ Ep (14.4)

where E is a coefficient without any simple physical significance.

14.2.4 Transposition of Baron’s approach to the design of
stone mastic asphalts (SMAs) with an optimal coarse
aggregate packing, according to Perraton et al. (2007)

By applying the concepts initially developed by Baron for the design of

high-performance cement concrete, Perraton and his colleagues from the Ecole de

Technologie Supérieure (University of Quebec) recently illustrated that the labora-

tory performances of some SMA mixes may be substantially enhanced by means

of a maximized coarse aggregate packing (Perraton et al., 2007).

The proposed mix design method was then applied to producing SMA-Cpack

(SMA with an optimal coarse aggregate packing) mixes with various nominal max-

imum particle size (NMPS) values using materials available in Montreal. Figure 14.5

shows a schematic diagram of the macrostructure in asphalt mix section cuts obtained

F

(Coarse and intermediate)

C

E

D

C′O

10

Mix with high fines
content

Mix with low fines
content

Mix with medium 
fines content

p < px

px pT

 px< p < pT

p > pT

 p 

Equation (14.4)

Equation (14.2) Equation (14.3)

Figure 14.4 Void index variation (e) in the case of a two-aggregate mixture, one of which is

very fine compared to the other (Baron and Sauterey, 1982).

432 Advances in Asphalt Materials



using digital imaging. It may be noticed that the coarse particle content is high for each

of the SMA-Cpack mixes produced.

First, the initial set of laboratory results suggests a potential binder saving of nearly

15%, because the maximized coarse aggregate packing brings about a reduced void

content in the granular skeleton. Second, based on Perraton’s results, compactability

and resistance to rutting of such mixes are remarkable.

Baron’s approach for optimal aggregate packing, developed in the field of high-

performance cement concrete in 1982, was transposed and adapted to the field of

asphalt concrete. The main goal was to evaluate the relevancy of such an approach

in the asphalt field, especially with typical French aggregates. The underlying ques-

tions were, can we develop high-performance dense asphalts with multiple-gap grad-

ing mainly thanks to aggregate packing optimization? And, likewise, can we use more

specific guidelines for aggregate structure selection?

After the publication of the first encouraging results obtained by Perraton et al.

(2007) and after some technical exchanges with Perraton and his colleagues, Eiffage

Travaux Publics launched a large experimental program at its research center, includ-

ing the evaluation of moisture resistance, stiffness modulus, and fatigue resistance as

well. Laboratory tests consisted of the assessment of compactability using the French

GC, moisture resistance using the Duriez test, rutting resistance using the French

wheel tracking tester (FWTT) at 60 °C, stiffness modulus at 15 °C, and finally fatigue
resistance at 10 °C.

14.3 Proposedmethod of aggregate packing optimization

To make the simplest possible selection of an optimal granular combination with a

maximized coarse fraction, it is herein proposed to separate the granular skeleton into

three phases: fine, intermediate, and coarse particles. The latter constitute the granular

fraction that provides continuity in handling the force transfer within the mix macro-

structure. This phenomenon is commonly referred to as coarse-on-coarse particle

contact.

To enhance compactability, this method proposes monitoring the choice of gran-

ular combination in order to overcome the loosening effect by the intermediate frac-

tion on the coarse fraction layout. In particular, the intermediate particles’ dimension

SMA-Cpack 5 SMA-Cpack 10 SMA-Cpack 14 SMA-Cpack 20

Figure 14.5 Illustration of the coarse aggregate proportion in the SMA-Cpack mixes

(Perraton et al., 2007).
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must be held below a certain critical value.With respect to Furnas’ work (Figure 14.3),

it is advised to limit the ratio of intermediate particle diameter (dINT) to coarse particle
diameter (dCOARSE) to 20% (dINT�0.20 dCOARSE) (see particle dimensions in

Table 14.2). Likewise, dFINE�0.20 dINT.
Using the French GC on aggregates only—without any bitumen—the respective

void index of coarse, intermediate, and fine aggregate particles is first determined

after 20 gyrations. Indeed, after 100 gyrations, attrition, segregation, and abrasion

may be observed (Figure 14.6).

Depending on the NMPS of the designed mix and thus on the number of used gran-

ular fractions (n), the optimization sequence is performed during n�1 steps. For

instance, in the case of a three-fraction mix with fine, intermediate, and coarse aggre-

gates, the optimization sequence is performed during two steps:

l Step 1: Granular optimization of the intermediate aggregate–coarse aggregate blend (i.e.,

determination of the corresponding optimal ratio according to Baron’s approach, illustrated

in Figure 14.4).
l Step 2: Granular optimization of the blend between the previous optimized aggregate blend

and the fine aggregates (same methodology, Figure 14.4).

For each step (i), the only slight difference with Baron’s original approach is that a

sensitivity study is realized around threshold pT (Figure 14.7). Two additional points

are performed around pT value (pT�3%). Moreover, for each step (i), Equation (14.2)

is defined by carrying out two GC tests: the first one with p¼0% and the second one

with p¼40%. As illustrated in Figure 14.7, six GC tests are performed for each step

(i). In the case of a three-fraction mix with fine, intermediate, and coarse aggregate

particles, granular optimization is performed with a series of 12 GC tests on this ter-

tiary configuration.

Eventually, considering the effect of diameter ratio (dFINE/dCOARSE) on the void index
(e) of binary granular blends (illustrated in Figure 14.3), it has been decided to introduce
single or double gaps in granular gradations in order to obtain very dense aggregate

packings with great coarse aggregate interlock (maximization of contacts between coarse

particles) and without any risk of the loosening effect (related to rutting issues).

Figure 14.6 Example of attrition, segregation, and abrasion phenomena observed at 100

gyrations using the gyratory shear compactor.
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14.4 Examples of aggregate packing optimization

The use of a single-gap or even a double-gap gradation may be very helpful so as to

obtain very dense asphalt concretes with an outstanding coarse aggregate packing (far

less interaction between intermediate and coarse particles, cf. e.g., Figure 14.3). Thus,

such single-gap and double-gap gradations were, respectively, investigated with

Noubleau and Obourg aggregates.

14.4.1 Materials

Two pure paraffinic bitumens coming from the same crude and refinery were

investigated: a straight run 35/50 and a semiblown 35/45B (“B” stands for “semi-

blown”) pen-grade bitumen. In addition, two polymer-modified binders (PMBs) made

from these two pure bitumens with 2.5% SBS (proprietary cross-linking process) were

also investigated. The analysis of the recovered aged binder of two reclaimed asphalt

pavement (RAP) aggregates, both of them being studied hereafter, was also realized.

Table 14.1 presents the results of conventional tests (penetration at 25 °C, ring-and-ball
softening point, and Fraass brittle point) initially performed on these different binders.

Because of the great number of aggregate combinations tested in the framework of

this laboratory study, only two typical French aggregate natures are presented here:

the diorite-crushed aggregate fractions (0/2, 0/4, and 10/14 mm) coming from La

Noubleau quarry and the limestone-crushed aggregate fractions (0/2, 6/10, and

14/20 mm) coming from the Obourg quarry. In both cases, added limestone filler

coming from the St. Hilaire quarry in France was considered. Moreover, some

RAP aggregates coming from either the Touraine Enrobés asphalt plant (Eiffage

TP Centre Ile-de-France) or the MEN asphalt plant (Eiffage TP Nord) were used,

p – coarse aggregate proportion (p = c / (c + f ))
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Figure 14.7 Experimental determination of the two thresholds pX and pT.
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respectively, with the diorite and the limestone aggregate formulas. Table 14.2 and

Figures 14.8 and 14.9 give the gradation curves of each granular fraction.

Apart from the average dimension of added filler being determined by means of a

Coulter® particle size analyzer (NF ISO, 13320-1, 2000), the average particle dimen-

sion of the other fractions was determined by sieve passing (cf. Table 14.2).

14.4.2 Description of the tests used for characterizing
asphalt concretes

Many laboratory tests were conducted on asphalt concretes, including:

l Compactability, measured with the GC, following the requirements of NF EN 12697-31

(2005). This test gives a good idea of the job-site density values, according to course thick-

ness. Conducted ahead of the other mechanical tests, this test is used to make a preliminary

selection or screening of mixes, and to optimize the asphalt mix composition (Harman

et al., 2002).
l Water resistance, measured from the Duriez test (NF EN 12697-12, 2002), which consists of

a direct compression test on two sets of six cylindrical samples, with one set of six samples

tested after conditioning in water. If the ratio of average compression strength after and

before conditioning is above a certain value, the material is deemed acceptable. This ratio

is the French counterpart of the tensile strength ratio value with Marshall samples.
l Resistance to rutting at 60 °C, determined with the FWTT (NF EN 12697-22, 2004). Rect-

angular samples are subjected to repeated passes at 1 Hz of a wheel fitted with a tire, induc-

ing permanent deformation.
l Complex stiffness modulus measured at 15 °C–10 Hz, in accordance with NF EN 12697-26

(2004) requirements (strain-controlled test on cylindrical specimens). A complex modulus

test was also performed for some high-performance asphalt mixes (HPAs) from �30 to

45 °C, with a frequency ranging from 0.01 to 10 Hz.
l Complex stiffness modulus and fatigue resistance at 10 °C–25 Hz, following NF EN 12697-

24 (2005): controlled-strain test on trapezoidal specimens with unconfined conditions; see

Figure 14.10. The fatigue criterion used in this paper is the classic one, referenced as Nf50.

Table 14.1 Conventional results on the studied binders

Binder

Pen 25 °C (mm/10)

NFEN1426

Softening R&B (°C)
NFEN1427

Fraass (°C)
NFEN12593

35/50 38 53.5 �15

35/45B 37 62 �15

35/50+cross-linked

2.5%SBS

38 62.2 �15

35/45B+cross-linked

2.5%SBS

33 71 �15

Aged RAP binder

Touraine Enrobés plant

10 71.2 0

Aged RAP binder

MEN plant

19 61.4 �5
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Table 14.2 Passing percentage and average particle size for each granular fraction

Sieve (mm)

Passing (%)

Filler

Noubleau aggregates
RAP

tours

Obourg aggregates
RAP

MEN0/2 0/4 10/14 0/2 6/10 14/20

20 98

16 100 100 56

14 93 97 23 100

12.5 77 89 100 7.8 99

10 22 72 89 2.2 91

8 5 63 52 1.7 68

6.3 100 1.7 55 15 1.3 48

4 100 96 0.4 45 100 5 1.1 33

2 97 54 0.3 32 91 3 1 25

1 68 37 0.2 23 57 2 1 20

0.25 100 31 18 0.2 10 25 1 0.9 12

0.125 94 22 13 0.2 10 19 1 0.9 9

0.08 83 17 10 0.2 9 15 1 0.9 8

Average particle dimension, hereafter named d50

Diameter (mm) 0.025 0.6 1.9 11.5 5 0.85 7.9 15.8 6.5
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Figure 14.10 Complex modulus test and fatigue test configuration on trapezoidal specimens

(NF EN 12697-24, 2005).
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Figure 14.8 Gradation curves for each tested Noubleau granular fraction.
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Figure 14.9 Gradation curves for each tested Obourg granular fraction.
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It corresponds to the number of cycles for which either the complex modulus decreases to

50% of its initial value or a sudden failure occurs (before 50% decrease of modulus). The

value of the strain amplitude leading to failure at one million cycles is hereafter called e6.
This parameter is used in the French design method SETRA-LCPC (1997).

14.4.3 Optimization of single-gap-graded granular
curve with Noubleau aggregates

Figure 14.11 illustrates the three-step iterative aggregate packing optimization of a

quaternary 10/14–0/4–0/2-filler aggregate combination (4/10 mm gap), using the

GC on aggregates only—at ambient temperature and without any bitumen—as previ-

ously detailed.

The optimal 10/14–0/4–0/2-filler quaternary blend is the following:

l 10/14 content: 55.3% (¼0.865�0.64);
l 0/4 content: 13.9% (¼0.865�0.16);
l 0/2 content: 17.3% (¼0.865�0.2);
l Added filler content: 13.5% (¼1�0.865).

At the very last stage of such an optimization, when determining the optimal content

of added filler, the three theoretical straight lines described by Baron are clearly val-

idated (Figure 14.4 and Equations (14.2)–(14.4) in the particular case of a binary blend

of very fine particles and coarse particles). Nevertheless, even if the addition of 13.5%

of filler is quite convenient and relevant in the field of cement concretes where final air

voids are close to zero and production is realized on discontinuous batch plants, the

added filler content was arbitrarily fixed at 5% in order to avoid overfilled asphalt

concretes in the end, and because the production may be realized on continuous drum

mix plants. Table 14.3 and Figure 14.12 show gradation curves of each tested asphalt

concrete. Figure 14.12 shows in particular that the passing of the different HPA aggre-

gate gradations at the 2-mm sieve is above the SMAwindow (NF EN, 13108-5, 2006),

which is indirectly due to the 4/10 mm gap gradation.

A typical gradation curve of a “grave bitume 2” material (GB2) is also presented,

for comparison.

14.4.4 Optimization of double-gap-graded granular curve
with Obourg aggregates

The proposed methodology was applied to optimize the double-gap-graded granular

curve with the Obourg aggregates. To the extent that four granular fractions were

investigated (14/20, 6/10, 0/2 mm, and filler), optimization of aggregate packing

was realized in three steps (see Figure 14.13):

l First step: Optimization of the binary blend composed by 14/20 and 6/10 (p¼60% (i.e., 60%

14/20 and 40% 6/10), cf. Figure 14.13). As d50(6/10)/d50(14/20)¼0.50, a true interference

occurs in the case of the 14/20–6/10 binary aggregate composition (see Figure 14.3). The

optimal content of coarse aggregate 14/20 may be arbitrarily fixed at 60% (leading to the

densest binary blend).
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Figure 14.11 Three-step iterative optimization of the 10/14–0/4–0/2-filler blend.
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Table 14.3 Passing percentage for each tested asphalt mix made from
the Noubleau aggregates

Sieve (mm)

Passing (%)

Reference

grave

bitume

GB2 0/14

HPA 0/14 with

5% added filler

(4/10 gap-graded)

HPA 0/14 with 5% added

filler (4/10 gap-graded)

+10% RAP

20 100 100 100

16 96 96 96

14 94 92 93

12.5 88 83 84

10 67 51 54

8 57 42 44

6.3 50 40 42

4 42 38 39

2 34 32 32

1 25 24 24

0.25 13 14 14

0.125 9 11 11

0.08 8 9 9

Sieve (mm)
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Figure 14.12 Gradation curves for the optimal 10/14–0/4–0/2-filler quaternary Noubleau

aggregate blends versus typical gradation curve of the reference GB2.
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l Second step: The optimal blend obtained at step 1 (60% 14/20–40% 6/10) is considered the

“coarse fraction,” whereas the 0/2 fraction is considered the “fine fraction.” Optimal coarse

ratio is pT¼70%. It is noteworthy that d50(0/2)/d50(6/10)�0.11, leading to negligible inter-

ference between 0/2 and 6/10 particles (see Figure 14.3).

Figure 14.13 Three-step iterative optimization of the 14/20–6/10–0/2-filler blend.
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l Third step: The optimal blend obtained at step 2 (42% 14/20–28% 6/10–30% 0/2) is consid-

ered the “coarse fraction,” whereas the filler is then considered the “fine fraction.” Optimal

coarse ratio is pT¼95%. Note that d50(filler)/d50(0/2)�0.03, hence next to no interference

between filler and 0/2 particles is observed (see Figure 14.3). In addition, the three straight

lines from Baron’s approach cannot be obtained (Figure 14.4 and Equations (14.2)–(14.4)).

The optimal 14/20–6/10–0/2-filler quaternary blend is the following:

l 14/20 content: 40% (¼0.95�0.42);
l 6/10 content: 26.5% (¼0.95�0.28);
l 0/2 content: 28.5% (¼0.95�0.30);
l Added filler content: 5% (¼1�0.95).

Figure 14.14 and Table 14.4 show in particular that the passing of the different HPA

aggregate gradations at the 2-mm sieve is above the SMA window (NF EN 13108-5,

2006), which is indirectly due to the 2/6- and 10/14-gap gradation.

14.5 Mechanical performance and related discussion

In the framework of our study with Noubleau and Obourg mixtures, a 4% binder con-

tent by weight of aggregate (10 vol.%) was used. Tables 14.5 and 14.6, respectively,

present the performances of HPAs made fromNoubleau and Obourg aggregates, com-

pared to the reference continuously graded GB2 material normally used in France.

French specifications for a continuously graded GB2 and EME2 are given as well.

The reference EME2material consists of a continuously graded curve and relies on the

use of hard binders (penetration at 25 °C<30 dmm) at a content of 5.5–6.0% by

weight of aggregates to preserve fatigue resistance. EME2 is traditionally used as base

course material in Perpetual Pavement design in Europe, and in particular in France.
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Figure 14.14 Gradation curves for the optimal 14/20–6/10–0/2-filler quaternary Obourg

aggregate blends versus typical gradation curve of the reference GB2.
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14.5.1 Compactability evaluated from the GC

Compactability, measured from the GC at 100 gyrations, is significantly improved:

l Regarding HPAs made from Noubleau aggregates (with single-gap-graded curve),

densities are increased by 2.3% up to 3.8%. Nonetheless, the use of 10% (continuously

graded) RAP slightly decreases the compactability of the HPA (7.2% air voids at 100 gyra-

tions, instead of 5.9%), which indicates that nonnegligible interference effects do occur

between aggregate particles. Further work with 25%RAPwill be set out to confirm or infirm

this point.
l Regarding the HPAsmade fromObourg aggregates (with twice-gap-graded curve), densities

are indeed increased by about 5%. The use of such optimized double-gap-graded granular

curves appears the most promising.

It is worthwhile to point out that such an excellent compactability of HPAs made from

either Noubleau or Obourg aggregates has been confirmed on site during experimental

roadwork near Blois, Tours, and Arras (France) using the same asphalt formulas.

Eventually, even with a somewhat low value of binder content (%vol¼10%), the

proposed single- or double-gap-graded curves allow us to obtain very encouraging

voids-in-mineral-aggregate (VMA) results (from 13.8% to 15.8%).

Table 14.4 Passing percentage for each tested asphalt mix made
from the Obourg aggregates

Sieve (mm)

Passing (%)

Reference

grave

bitume

GB2 0/20

HPA 0/20 with 5%

added filler (2/6 and

10/14 gap-graded)

HPA 0/20 with 5% added

filler (2/6 and 10/14

gap-graded)+10% RAP

20 100 100 100

16 91 83 83

14 87 70 70

12.5 78 65 66

10 70 59 60

8 64 49 49

6.3 57 38 39

4 41 34 35

2 27 31 31

1 18 22 22

0.25 10 12 12

0.125 8 10 10

0.08 7 8 8
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Table 14.5 Performances of HPAs and reference GB2 material

Formula

GC

100 gyrations Duriez test
Rut depth

(mm)

3×104 cycles

E (MPa)

15 °C–10 Hz

«6 (10
26)

10 °C–
25 Hz

Binder

nature % RAP %Air VMA R (MPa)

Moist.

Res. (%)

Specifications for “Grave Bitume 2”

(GB2)

<10% – – >70% <10 >9000 >80

Specifications for “Enrobé à Module

Elevé 2” (EME2)

<6% – – >70% <7.5 >14,000 >130

GB2 35/50 0 9.7 19.7 10.1 93 4.1 13,300 at 5.1%

air

86

HPA

0 5.9 15.9 11.8 83 5.1 16,500 at 2.7%

air

89

10 7.2 17.2 12.1 91 4.1 16,600 at 2.7%

air

90

35/50

+2.5%SBS

0 5.7 15.7 12.3 93 2.4 15,600 at 3.2%

air

115

35/45B 5.8 15.8 12.7 92 2.5 13,100 at 2.9%

air

115

35/45B

+2.5%SBS

5.7 15.7 13.1 91 3.0 13,700 at 2.5%

air

130

Noubleau aggregates with a 4% binder content by wt of aggregate (%vol¼10%).
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Table 14.6 Performance of HPAs and reference GB2 material

Formula

GC

100 gyrations Duriez test

Rut depth (mm)

3×104 cycles

E

15 °C–0.02 s

(MPa)

«6
10 °C–25 Hz

(1026)Binder nature %Air VMA R (MPa)

Moist.

Res. (%)

Specifications for “Grave

Bitume 2” (GB2)

<10% – – >70% <10 >9000 >80

Specifications for “Enrobé à

Module Elevé 2” (EME2)

<6% – – >70% <7.5 >14,000 >130

GB2 35/50 8.7 18.7 11.8 83 5.1 13,900 at 7.0% air 89

35/45B 8.9 18.9 11.3 84 3.3 10,800 at 7.2% air 109

HPA 35/45B 3.8 13.8 12.7 85 3.4 13,000 at 3.6% air 114

35/45B

+2.5%SBS

3.8 13.8 12.5 83 2.1 12,800 at 4.3% air 135

Obourg aggregates with a 4% binder content by wt of aggregate (%vol¼10%).
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14.5.2 Compressive strength and moisture resistance
assessed from the Duriez test

Direct compressive strength (determined on the first set of cylindrical samples kept

8 days in the air at 18 °C), measured from the Duriez test, is also improved (an increase

from 1.2 to 2.5 MPa is obtained).

In addition, moisture resistance (the Duriez ratio), which is far above the minimum

specification value for typical GB2, does not seem to be influenced by the innovative

gradations and PMBs used.

14.5.3 Rutting resistance assessed from the FWTT

The HPAs exhibit great resistance to rutting (low values of rut depth at 60 °C after

30,000 cycles (�5.1%), cf. Tables 14.5 and 14.6) for two main reasons: the first is

due to the well-interlocked and dense mixtures obtained from the optimization of

aggregate packing, while the second reason lies in the fact that semiblown and

polymer-modified bitumens give high resistance to rutting at high temperatures, in

particular at 60 °C.

14.5.4 Complex modulus

For a fixed bitumen nature and content, the complex stiffness modulus of such well-

interlocked and dense mixtures, measured at 15 °C–10 Hz, is significantly increased

(in the range of 20–26%). Further work with different aggregate natures and fractions

remains to be done so as to confirm this encouraging result. Indeed, the proposed pro-

cedure to optimize the aggregate packing characteristics could be used in the frame-

work of high-modulus mix design with slightly softer grades than usual (penetrability

at 25 °C>30dmm in contrast with the reference European EME2 mix design), thus

enhancing both reclaiming ability and fatigue resistance of asphalt concretes.

In addition, in order to assess the influence of the proposed gap gradation on both

glassy and static moduli, complex stiffness modulus tests were also performed for the

GB2 reference material and the proposed gap-graded HPA with Noubleau aggregate,

with the same binder (35/50) at the same amount (4% binder content by weight of

aggregate), from �30 to 45 °C with a frequency ranging from 0.01 to 10 Hz (see

Figure 14.15).

Regarding the glassy modulus (asymptotic value of complex modulus in the low-

temperature and high-frequency domain), an increase of 20% was obtained, whereas

for the static modulus (asymptotic value in the high-temperature and low-frequency

domain), a threefold increase was obtained. These first results could make such

HPAs interesting for heavy-duty pavements, heavy-duty bridge deck pavements,

and so on.
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14.5.5 Fatigue resistance

The very first results of HPA fatigue resistance tests appear comparable to those of the

reference GB2 material, for a fixed bitumen nature and content. Fatigue resistance is

indeed hardly influenced by the developed aggregate packing optimization. On the

contrary, binder nature highly influences fatigue resistance:

l With regard to the HPA with Noubleau aggregates (with single-gap-graded curve), the poly-

mer modification (2.5% cross-linked SBS) of the 35/50 neat bitumen leads to an increase of

the e6 value by 21 microstrains.
l Regarding the reference “grave bitume” (GB) made from Obourg aggregates (with contin-

uous gradation), moving from the neat 35/50 bitumen to the blown 35/45B bitumen brings

about an increase of the e6 value by 20 microstrains.
l Regarding the HPA with Obourg aggregates (double-gap-graded curve), the polymer mod-

ification (2.5% cross-linked SBS) of the blown 35/45B bitumen increases the value of e6 by
21 microstrains, leading to an e6 value of 135 microstrains, which is an incredibly high value

for an asphalt concrete with only a 4% binder content in France.
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Figure 14.15 Complex modulus of the gap-graded HPA versus that of the reference GB2

(Noubleau aggregate and 4% of 35/50 binder by weight of aggregate): master curves at 15 °C
and Cole–Cole diagram.
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An attempt was made to adjust the GB2 blends in order to lower VMA values close to

those of the optimized blends to see the effect on the stiffness and fatigue perfor-

mances, yet it was impossible to get the 2.7% air void target.

14.6 Economic and environmental outlook

An alternative to the traditional high-modulus and high-binder content EME2 (for

which binder content is about 5.5–6%) may be proposed for long-lasting and cost-

effective asphalt mixes. Considering the very encouraging results presented in

Tables 14.5 and 14.6 (with only 4% of bitumen by weight of the aggregate), at Eiffage

Travaux Publics, we set out to combine both optimal aggregate interlock and the use

of semiblown and/or SBS-modified bitumens, in order to obtain both very stiff and

fatigue-resistant base/binder course material in a single formulation.

This has been done with many aggregate natures (mainly from France) using either

single- or double-gap-graded curves and a tremendous number of polymer-modified

and semiblown bitumens. Obtained performances are close to the specifications

required for EME2 (stiffness modulus of 14,000 MPa at 15 °C and a fatigue resistance

of 130 microstrains at 10 °C), with a significantly lower bitumen content (in the range

of 3.9–4.9% by weight of aggregate). Such innovative mix design, which is referred to

as GB5®, has been patented.

The following two subsections present a case study with comparative pavement

design and environmental impact.

14.6.1 Hypothesis for pavement design and material cost

The French method for pavement design has been used, and calculations presented

hereafter rely on the use of ALIZE software. The adjustment factor, kc, that is used
to determine the strain value et,ad considered acceptable at the bottom of the GB5®

base course is considered equal to 1.3 (typical value for a French (GB) base layer).

Furthermore, the kc¼1 hypothesis is made when considering conventional high-

modulus asphalt concretes (referred to as EME2), which use very low-pen-grade bitu-

mens (penetrability at 25 °C in the range of 10–30 dmm). Broadly speaking, this kc
coefficient adjusts the results of the computational model in line with the behavior

observed on actual pavements of the same type. For more details, the value of this

coefficient for bituminous materials is detailed in the French design manual for pave-

ment structures (SETRA-LCPC, 1997).

In order to compare the costs of road structures with traditional EME2 or innova-

tive GB5® base courses, the following orders of magnitude were taken into account for

material costs:

– Cost of 10/20 hard bitumen�35/50 pen-grade bitumen+40–60E/t;
– Cost of 35/45B�35/50 pen-grade bitumen+40–60E/t;
– Cost of 35/50+2.5%SBS�35/50 pen-grade bitumen+150–170E/t;
– Cost of 35/45B+2.5%SBS�35/50 pen-grade bitumen+200–220E/t.
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The apparent specific gravities (t/m3) are:

– r(BBM): 2.42 t/m3

– r(GB5): 2.47 t/m3

– r(EME2): 2.49 t/m3

A “béton bitumineux mince” (BBM) is used as a 4-cm thick overlay in France.

14.6.2 Comparative pavement design, corresponding costs,
and environmental impacts

Table 14.7 presents a comparative pavement design using the ALIZE software and

considering a “TC620” traffic category (cumulative traffic over 20 years in the range

between 6.5 and 17.5 million 13-t axles), a 4-cm BBM overlay, and a “PF3” pavement

formation class (120 MPa). Materials are the same ones listed in Table 14.5, together

with their respective performance results.

Table 14.7 shows that innovative GB5 mixes to have very positive environmental

and economical impacts when considering the reduced base-layer thickness and the

reduced quantities of binder and aggregate required per square meter.

Table 14.7 Comparative pavement design with Noubleau materials
(from Table 14.5), corresponding costs, and related environmental
impacts (per square meter)

Thick bituminous pavement structures. “TC620” traffic category

4-cm BBM overlay. “PF3” pavement formation class

EME2 solution

Binder

content55.7%

Innovative GB5® solutions

Binder content53.9%

Binder Hard 10/20 35/45B 35/50

+2.5%SBS

35/45B

+2.5%SBS

Overlay 4 cm BBM 4 cm BBM 4 cm BBM 4 cm BBM

Base course 16 cm EME2 14 cm GB5 12 cm GB5 10 cm GB5

Difference in

base-layer thickness

Reference

�2 cm

(�10%)

�4 cm

(�20%)

�6 cm

(�10%)

Difference in

aggregate quantity

�10% �20% �30%

Difference in

bitumen quantity

�28% �39% �48%

Difference in

material cost/m2
�23% �27% �38%

Difference in kg

CO2equiv./m
2

�24% �17% �28%
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Insofar as greenhouse gas emissions (GGEs) are concerned, carbon dioxide (CO2)

quantities (mainGGEgenerated during roadwork) associated to aggregates, pure bitumen,

and PMB are, respectively, equal to 10, 285 and 310 kgCO2/t. Therefore, the proposed

high-performance GB5® base layers may lead to a reduction in CO2 emissions by almost

30% in comparison with the traditional EME2-based pavement design (see Table 14.7).

However surprising it may seem, the proposed aggregate packing optimization

makes the SBS affordable in base-layer materials (its use was limited to surface

courses until recently, for economic reasons).

14.7 In situ validation of the GB5® mix design:
development and large-scale roadwork of 2010–2014

Ten full-scale suitability tests were carried out on several Eiffage asphalt plants in

2010, before generalizing the technique on each of the 180 Eiffage sites (see

Figure 14.16). These preliminary field trials allowed us to validate the technical

choices with either the single-gap or double-gap gradations initially studied in the lab-

oratory. In particular, the great compactability of the proposed mixes was confirmed

up to that point.

In 2011, the use of the proposed GB5®mix design was generalized on most French

Eiffage sites. Several aggregate natures were studied and four main NMPSs were

used: 11, 14, 16, and 20 mm. Both single-gap-graded curves and double-gap-graded

granular curves were successfully investigated. Semiblown 20/30, 35/50, 50/70, and

70/100 pen-grade binders were used. SBS modification was also carried out (referred

to as Biprène® and Orthoprène®, with a proprietary cross-linking procedure) for most

Figure 14.16 Paving GB5® 0/14 mm with Noubleau aggregates and 35/45 bitumen in the

Tours area. In-place density: 96.4%; stiffness modulus measured in indirect tension

configuration E* (15 °C–10 Hz): 14,100 MPa.
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of our full-scale suitability tests up to this point. In PMB compositions, SBS content

was in the range of 2.5–7%. The overall binder content (virgin+aged binders) was

generally in the range of 4.0–4.6%.

The GB5® mixes were applied by the paver and very easily compacted by double-

roll vibrating compactors (Figures 14.17 and 14.18). There was no need for pneumatic

tire rollers, with final density in the range between 2% and 6%. Layer thickness was

between 5 and 15 cm, thanks to the gap gradations used.

600,000 t of GB5® mixes have been paved so far, corresponding to a savings of

about 6000 t of bitumen in comparison with the reference EME2 (high-modulus

high-binder content mix) usually used as base course material in Perpetual Pavement

design in Europe. On top of that, almost 15,000 t of PMBs have been produced and

used so far in base courses, whereas their use had previously been limited to surface

courses, for economic reasons.

After several months (trials in 2010–2011), these different sites were revisited in

order to assess the condition of the pavement and/or take cores to assess the density

and complex or secant modulus in indirect tension mode. This follow-up is very

encouraging and confirms the great performance initially obtained in the laboratory.

One initial concern was to check the validity and effectiveness of the proposed

approach with mixes containing high RAP content. In 2011, some GB5® mixes were

successfully designed and manufactured with 40% RAP: RAP aggregate size was

0/10 mm and the added crushed aggregate size was 14/20 mm, in order to get a single

10/14 mm gap in the 0/20 mm gradation. Further work is planned within the next few

years on this issue, using specially fractionated recycled materials. By fractionating

RAP and combining high RAP content with unaged SBS-modified binder, the

GB5® mix design could produce a longer life pavement with a very interesting eco-

nomic outlook.

Figure 14.17 GB5® 0/14 mm with Budillon aggregate and SBS-modified binder Biprène® 41

(proprietary composition) and 15% RAP near Chambery. In-place density: 97%; modulus E*

(15 °C–10 Hz): 15,900 MPa.
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Last but not least, in the framework of the Road Innovation Charter procedure of

SETRA (Service d’Etudes Techniques des Routes et Autoroutes), in France, the inno-

vative GB5® project was awarded in 2010. In 2011, a Road Innovation Charter was

signed with SETRA and several general councils and companies in charge of toll high-

ways. From then on, several GB5® projects were undertaken in different climatic

zones in France, under very high traffic. A 5-year follow-up by SETRA is planned

for validation of this new technique.

14.8 Future trends

Effective particle packing, whatever the NMPS (from 4 or 6 mm up to 14 or 20 mm),

enables very different uses. Some examples of high-value roadwork and specific

structures, such as harbors, bridge sealings, or surfacings, and ring-abouts, are given

in Figure 14.19 (clockwise from top left):

Figure 14.18 12,000-t GB5® 0/14 roadwork on the French A43 toll highway (AREA network,

Chignin-Francin section) in the alpine area. Budillon aggregate, 15%RAP, and PMBs Biprène®

41 and Orthoprène® were used.
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l 6 cm strongly SBS-modified dense surfacing on the Winston Churchill bridge in Lyon (with

bus lane).
l Thick asphalt structure for Honfleur harbor: 10 cm base course+8 cm surface course.
l SBS-modified dense asphalt 0/14 mm as a 7 cm surface of ring-about in Marcilloles.
l Strongly SBS-modified dense asphalt 0/6 mm as a 3 cm sealing of the Raymond Barre

bridge in Lyon.

14.9 Conclusions

Effective particle packing seeks to select proper sizes and proportions of small

particle-shaped materials to fill larger voids. These small particles in turn contain

smaller voids that are filled with smaller particles, and so on. Such well-interlocked

gap-graded mixtures have greater friction angles than the continuously dense-graded

mixtures. Starting from such basic concepts associated with granular combinations,

aggregate packing methods first developed in the field of high-performance cement

concrete were successfully transposed and adapted to the field of asphalt concrete,

and enabled the development and design of HPAs. We hereafter refer to the proposed

mix design method as the GB5® mix design method in France.

A GB2 continuously graded mixture, traditionally used for base courses in France,

was studied, acting as a reference material. The first laboratory assessments of the

optimal single- or double-gap-graded mixtures designed in this study were very

encouraging:

l Compactability, evaluated through gyratory shear compaction, is remarkably improved. In

the framework of this work, for the same compaction energy, density values are approxi-

mately 4% higher.
l Moisture susceptibility, assessed using the Duriez test, does not appear to be influenced by

the proposed optimal gradations. Further work is planned to confirm this point.

Figure 14.19 Examples of high-value roadwork and specific structures.

454 Advances in Asphalt Materials



l Compressive strength value at 18 °C is increased by about 15%.
l Rutting resistance at 60 °C–1 Hz is hardly influenced by the optimal gradations used, yet the

ability of blown bitumens or SBS polymers to reduce susceptibility to rutting is once again

evidenced.
l Secant stiffness modulus measured at 15 °C–0.02 s is significantly increased (in the range of

11–20%). The proposed procedure to optimize aggregate packing characteristics could be

used in the framework of high-modulus mix design (e.g., French “EME” with slightly softer

bitumen grades than usual (penetrability at 25 °C>30 dmm), thus enhancing both reclaim-

ing ability and fatigue resistance of such asphalt concretes.
l Fatigue resistance of GB5® mixes, evaluated at 10 °C–25 Hz and for a fixed considered bitu-

men, appears comparable to that of the reference GB2 material. In addition, as the single- or

multiple-gap-graded asphalt mixtures really enhanced stiffness moduli, the use of softer

bitumen grades, semiblown binders, or PMBs yields great fatigue resistance. Such particular

combination of innovative single- or double-gap-graded curves with semiblown and/or

SBS-modified bitumens, leading to very stiff and fatigue-resistant polymer-modified base or

binder coursematerials in a single formulation,was recently patentedbyEiffageTravauxPublics.

To some extent, such GB5® mixes used for base or binder courses could provide real

long-life pavements that do not deteriorate structurally, needing only timely surface

maintenance to maintain their overall condition.

Finally, the on-site application of GB5® mixes on experimental roadwork with or

without RAP, at either hot (160 °C), warm (125 °C), or even half-warm (90 °C) temper-

ature, was successfully realized: more than 600,000 t of GB5®mixes have already been

paved on high-traffic highways and toll motorways, mainly in France, and to a lesser

extent inSpainand inSouthAfrica.This rapiddevelopment and thenumerous large-scale

roadwork of GB5®mixes, with SBS in base or binder courses, could be put into practice

particularly because of the proposed GB5®mix design relies on a rather low binder con-

tent (from4.0%to4.6%,generally). Indeed, theoptimizationofaggregatepackingallows

one toobtain such lowbindercontent, and thusmakes it economicallypossible touseSBS

in base courses, leading to an alternative concept of perpetual pavement.
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oxidation impacts, 286–291

parameters in HMA-FM model, 156t
permanent deformation, 249–255

properties, 243

pumping action in, 316–319

recovery, 261–263

water flow modeling, 316–319

Asphalt pavements

environmental conditions, 303

saturated, 318f
Asphalt/water interface, 413–415

ASTM. See American Society for Testing

and Materials (ASTM)

Atomic force microscopy (AFM), 313,

315–316. See alsoForce–displacement

atomic force microscopy (FD-AFM)

advantages and disadvantages, 104–105

force-mode imaging, 97–98

information sources/advice, 126–128

nanomechanical approaches, 99–100

nanorheological methodologies,

125–126

phase-contrast technique, 98

sample preparation techniques, 116–118

scanning thermal imaging, 126

SHRP asphalts, 98

surface structuring analysis, 105–118

Axial strain, 61

amplitude, 62

on bituminous mixture, 63f
Axial stress, 63f

B

Baron’s approach, 432–433

Bee microstructures, 105, 116

Bending beam rheometer (BBR) test, 14

Béton Bitumineux Semi-Grenu (BBSG)

type, 85

Bioflux®, 359–360

Biomasses, oil productivity, 354f
Biophalt®, 349t, 351
Bitumen

adhesion testing, 20–21

aging and conditioning regimes, 17–20

attributes of specification, 3

binder properties derived from, 7t
characteristics, 1–3

elevated service-temperature test methods,

10–13

fatigue testing, 14–16

fundamental/empirical binder testing,

22–24

geographical considerations, 3–4

intermediate service temperature, 16

low service-temperature properties,

13–14

microalgae extracts vs., 355f
names of, 1

physical properties, 350t
precision of test methods, 21–22

properties, 2–3

regulatory frameworks, 4–9

specification, 2–4

stiffness, 2–3

temperatures, 1–2

temperature sensitivity, 17

test methods, 2–3, 10–21

values, 2–3

Bitumen Test Validation (BiTVal), 9

Bituminous materials

behavior for, 59–60, 60f
scanning probe microscopy imaging,

97–99

Borosilicate stone, chemical composition,

376t
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C

Capillary tube, dynamic viscosity using, 11

Carboxylic acids, 43

Catana phase/peri phase, 313

Cationic asphalt emulsions, 395, 412–413

Cationic medium-setting (CMS) grades, 396

Cationic quick-setting (CQS) emulsions, 396

coagulation behaviors of, 413f
Cationic rapid-setting (CRS) emulsion, 396,

402–403, 402t
coagulation behaviors of, 413f
with hydrophilic head group, 412–413

CDC test. See Cyclic displacement-

controlled (CDC) test

CEN. See Comité Européen de

Normalisation (CEN)

Chemical bonding theory, 314

Chemical force microscopy (CFM), 101–102

Chip seal, 415–420

Chromatography, 35

adsorption, 36–38

affinity, 38–43

SEC, 43–52

separation methods, 37–38

Climate change, global warming and, 303

Cloud point, 400

Coalescent phase, of crack growth, 257–259

Cohesion

definition, 309, 315

failure theories, 309–316

Colloidal model

of asphalt structure, 33–34, 44

molecular structure, 172

pure bitumens, 171–172

Comité Européen de Normalisation (CEN),

5–6

data collection program, 23–24

structure, 6f
Compactability, from GC, 444–446

Complex modulus, 60, 61, 447

anisotropy, 87–88, 89t
strain measurement systems, 62f
test equipment, 61, 61f
test principle, 62–63

tests, 75–76

Complex Poisson’s ratio, 60, 61

Cole-Cole and Black spaces, 65f
constants, 70

norm and phase angle, 65f

shift factor, 67f
strain measurement systems, 62f
temperature and frequency, 64

test equipment, 61, 61f
test principle, 62–63

and 3D 2S2P1D model, 74f
values of, 70

Complex shear modulus (G*), 16

Complex Young’s modulus

Cole-Cole plot, 65f, 76, 76f
normalization, 76f
norm and phase angle, 64f
shift factor, 67, 67f
temperature and frequency, 64

Compression, asphalt mixtures

anisotropic viscoelastic properties,

245–248

fracture, 263–268

permanent deformation, 249–255

Compression axial loading, 62

Compressive strength, 447

Concretes

characterizing, 436–439

multiscale perspective behavior, 276–278

viscoelasticity of, 285–286

Constitutive model, 206–207, 221

moisture damage, 316–327

Construction Products Regulation (CPR),

4–5

Continuum damage approach

healing, 220

mastics and fine aggregate mixtures, 205

to quantify healing, 220–226

Controlled-strain RDT test, 245, 259

Corbett procedure, for separations, 36–37

Coulter®, 436

CPR. See Construction Products Regulation

(CPR)

Crack growth, 258f
coalescent phase, 257–259

formative phase, 257

law, HMA-FM, 155–158

unitary phase, 257–259, 259b
Cracking pavement

advanced modeling observations,

145–150, 151

experimental observations, 139–145,

150–151

mechanisms, 135–136
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Cracking pavement (Continued)
traditional fatigue cracking, 137–139, 137f
types, 136t

Crack wetting, 208–210

Creep

constant change with temperature, 185f
low-temperature behavior, 194f
steady-state behavior, 183f, 190f
stress tests, 192–193, 193f

Creep and steploading recovery (CSR) test,

261, 262

Creep–recovery curve, 13f
Critical condition approach

HMA-FM, 151–159

TDC performance model, 159–164

Critical micelle concentration (CMC),

398–399

Crude oils

paraffinic and microcrystalline waxes, 35

refining, 1

Cyclic displacement-controlled (CDC) test,

235–238

Cyclic pore pressure conditioning (CPPC),

159

D

Damage density

definition, 256, 258b
healing, 262b
unitary phase of crack growth, 259b

Damage, pavement cracking

accumulation, 144–145

zones, 147–148, 149f
Damage, thermodynamics, 229–233

DBN model, 142

DCF. See Distributed continuum fracture

(DCF)

Deformation, 10

ambient temperature, 182–192

high-temperature, 174–182

low-temperature, 192–195

permanent, asphalt mixture, 249–255

Deformation-mechanism maps

construction, 195–198

of engineering polymers, 173–174

features, 199

tension, 197f, 198f
Detachment, moisture damage, 306

Dewetting, 309–310

Differential scanning calorimetry (DSC)

measurements, 170

volume dilatometry, 169–170

Diffusion coefficients, asphalt mastic, 335t
Direct-measurement flying-time method, 79,

81–83

Dispersed polar fluid model, 172

Dispersion

of binder, 315

stability, DLVO theory, 409–415

Displacement, moisture damage, 306

Dissipated pseudostrain energy (DPSE), 259

Dissipated strain energy (DSE), 245

Distributed continuum fracture (DCF), 255,

261–262

DLVO theory, dispersion stability, 409–415

Double-gap-graded granular curve, 439–443

DSC. See Differential scanning calorimetry

(DSC)

Ductile–brittle transition temperature,

123–124

Duriez test, 447

Dynamic shear rheometer (DSR)

aged binders, 374, 375f, 376f
at high temperature, 76

intrinsic healing, 214–215, 217–219

in oscillatory mode, 11

Dynamic shear tests, 192

Dynamic viscosity, 11

E

Eco-efficient analysis, 394

ED-P model. See Extended Drucker–Prager

(ED–P) model

Electric properties, emulsions, 405–409

Elevated service-temperature test methods,

10–13

Elution, 36

EME2 material, 449

French specifications, 443

Empirical specifications, 22–24

Emulsions, 393–394

characterization, 422

chemistry, 394–396

deposition diagram, 416

electric properties, 405–409

hydrodynamic aspects of, 400–402
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Krafft point, 399–400

narrow-size distribution, 419

nonreactive aggregates, 417–419

physical properties, 397–400

reactive aggregates, 420

recipes, 394–396

rheology, 402–404

setting mechanism of, 415–422

slurry seal and microsurfacing, 420–422

stability diagram, 409–415

surface activity and micelle formation,

397–399

surface tension and surfactants, 396–400

viscosity ratio, 402

volcano shape, 417

water evaporation, 419–420

Energy-based mechanistic (EBM) approach,

255–257

Energy-based parameter, 158–159

Energy ratio (ER), 158–159

Engineering polymers, 173–174

ENTPE transformation, 77–78

ETG. See Expert task group (ETG)

European road network, 427

European test method, 17

Europe, regulatory frameworks, 4–6

Expert task group (ETG), 12

Explicit modeling, molecular restructuring,

210

Extended Drucker–Prager (ED–P) model,

250, 254, 254f
Eyring plasticity model (EPM), 193–195,

196t

F

Failure limits, HMA-FM principles,

152–154

Fatigue cracking

asphalt mixture, 140t, 255,
257–260, 264t

experimental observations, 139–142

reduction in stiffness, 139–142, 141f
traditional, 136t, 137–139, 137f

Fatigue resistance, 448–449

Fatigue testing, 14–16

Federal Highway Administration (FHWA).

See Strategic Highway Research

Program (SHRP)

Fine aggregate matrix (FAM) specimen,

217–219

asphalt, 277

mastic modulus on modulus, 296f
oxidative aging, 296

Flame ionization detector (FID), 38

Floraphalte®, 349t, 350t
penetrability and softening temperature,

351t
water resistance test, 350–351

Flying-time method, 81–83

Force–displacement atomic force

microscopy (FD-AFM), 118–119

adherence energy, 123–124

ductile–brittle transition temperature,

123–124

methodology, 119–121

theory, 119

work of adhesion, 121–122

Force–displacement curve (FDC), 118–119

Formative phase, of crack growth, 257

Fourier transformation, 83, 83f
Fourier transform infrared (FTIR)

spectrometer, 206

chemical changes, 383–384

mixture, 383f, 387f, 389f
peak values in, 383t, 387t

Fraass breaking point, 14

Fracture

adherence energy, 119

asphalt mixtures in compression, 263–268

healing—reversal, 208–211

mechanics-based approach, 217–218

threshold, 144–145

toughness test, 14

Free-volume model, 174–176

French wheel tracking test, 447

Fume emission measurements, 360–361

Functional groups in bitumens, 171

G

Gaestel index, 37

GB2 material

French specifications, 443

performances of, 445t, 446t
GBs of 5 mm (GB5)

binders extracted from, 379t, 380t
G* values, 384f
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GBs of 5 mm (GB5) (Continued)
mix design, 451–453

mixture, 365–366

precoated, 377

preheated, 378

sieving and separating, 379f
surface area ratio, 384–385

total surface area, 382–383

volumetric properties, 376–377

GBs of 8 mm (GB8)

binders extracted from, 379t, 380t
G* values, 384f
mixture, 365–366

sieving and separating, 379f
surface area ratio, 384–385

total surface area, 382–383

volumetric properties, 376–377

Gel-permeation chromatography. See Size-
exclusion chromatography (SEC)

Generalized Drucker–Prager (GD–P) model,

250, 252–254, 253f, 254f
Glass beads (GBs), 375–377

as artificial aggregates, 364

gradation adjustments, 380t
volumetric property, 377t

Glass transition, 169–170

Global aging system (GAS) model, 275,

282–283

Global warming, and climate change, 303

Glover model, 274t
original-to-RTFO aging prediction, 282f
viscosity, 274–275, 283

Gouy-Chapman theory, 406–407

Grade bumping, 8

Granite stone, chemical composition, 376t
G*/sind (inverse of the loss compliance),

11–12

Gyratory compactor (GC), 444–446

H

Half-warm mix, 393

Hamaker constant, 416

Healing

in asphalt binders, 214–219

asphalt mixture, 261–263, 264t
continuum approach to quantify, 220–226

field studies, 207–208

hypothesized mechanism, 208–213

index, 206

laboratory studies, 206–207

material properties and, 210f
microdamage (see Microdamage healing)

molecular morphology, 211–213

properties of asphalt binders, 205

test protocol, 225f
Healing—reversal of fracture process,

208–211

Heat casting techniques, 102–103, 104

Heithaus method, 32–33

High-modulus asphalt concretes, 449

High-performance asphalt mixes (HPAs)

fatigue resistance tests, 448–449

performances of, 445t, 446t
High-performance liquid chromatographic

(HPLC) techniques, 42

High-pressure aging test (HiPAT), 20

High-temperature deformation

on composition, 176–180

effects of aging, 180–181

free-volume model, 174–176

on pressure, 181–182

HMA-FM-based enhanced cracking

performance (HMA-FM-E) model

calibration and validation, 160–161

components, 159–160

framework, 159–160

input module, 161–163

predicted results, 163–164

Hot dog test, 246

Hot mix asphalt (HMA)

definition, 363

recycling, 364

Hot mix asphalt-fracture mechanics

(HMA-FM), 135–136, 151–152

crack growth law, 155–158

energy ratio, 158–159

failure limits, 152–154

features, 152

material parameters, 155

rate of damage, 154–155

threshold concept, 152

Huet-Sayegh model, 68

Hydraulic scouring, 306–307

Hydrodynamic aspects, of emulsification,

400–402

Hydrophobic fraction, 356f
Hydrothermal liquefaction process, 355, 356f
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I

Impact resonance method, 83–84

experimental device, 84f
recorded signal during, 84f

Impact Resonance (IR) test, 79

Indirect tensile test, 353f, 354f
Intermediate service temperature, 16

International Bitumen Emulsion Federation,

393

Intrinsic healing

asphalt binders, 214–219

description, 208–209, 210–211

Inverse of the loss compliance (G*/sind),
11–12, 15

Ion-exchange chromatography (IEC), 39–40

amphoterics, 42–43

asphalts separation, 39, 40f
compound-type analyses, 43

isolation of amphoterics, 41f
neutral fractions, 42

separation method, 39

solvent strengths, 42–43

Ionic surfactants, solubility of, 399–400

Isotropic viscoelastic properties, asphalt

mixture, 244–245

K

Krafft point, 399–400

L

Large molecular size (LMS), SEC

chromatograms, 47

Linear amplitude sweep test (LAST), 16

Linear variable differential transformer

(LVDT), 236–238

Linear viscoelasticity (LVE), 277–278.

See also 3D linear viscoelasticity

behavior, 59

Orthochape®, 80f
parameters, 75–76

properties, 283–285

Liquid additives, moisture damage, 338t
Log-pen rule, 385, 389, 391

Long-term oven aging (LTOA) procedure,

159, 285, 286

Loss modulus forms, 15

Low service-temperature properties, 13–14

Low-temperature deformation, 192–195

M

Maltenes, 169, 172

Marcusson procedure, for separations, 36–37

Material parameters, HMA-FM principles,

155

MCM. See Modified cross model (MCM)

MDR. See Moisture damage ratio (MDR)

Mechanical theory, 315

Medium-setting (MS) grades, 394

MEN asphalt plant, 435–436

Metravib tension, 76

Micelle formation, of surfactant, 397–399

Michigan road test, 37

Microalgae, 352–357

Microcrystalline waxes, in crude oils, 35

Microdamage healing, 142–144

absence of rest period, 226–228

constitutive relationships, 233–235

during cyclic loading, 236–238

effects, 206–207

microforce balance, 230–231

reversal of, 208–211

thermodynamics, 229–233

Micromechanical finite element models,

324–325, 327

Microsurfacing, 420–422

Mineral additives, moisture damage, 338t
Modified cross model (MCM)

ambient temperature deformation

behavior, 187–189

application, 191f
dependence on composition, 189–191

effects of aging, 192

parameters, 196t
Modified effective-medium theory, 404

Modified Lottman test, 328–332

Modified Paris’ law, 257–259, 260,

261f, 268f
Modified RTFOT (M-RTFOT), 18

Moisture damage, 303, 304–305

additives for preventing, 338t
mechanisms, 305–309

modes of failure, 309–316

parameter, 334–337

physical-mechanical, 320–327

pumping action, 316–319

simulations, 322, 322f
test methods to characterize, 327–334

water flow modeling, 316–319
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Moisture damage ratio (MDR)

multiple-parameter, 333t
single-parameter performance function,

330t
Moisture resistance, 447

Molecular mobility, 211, 212–213

Molecular orientation theory, 314

Molecular weight (MW)

distributions, 47–48

materials, 47

subfraction, 42

M-RTFOT. See Modified RTFOT

(M-RTFOT)

Multiple stress creep recovery test (MSCRT),

12

N

Nanorheology, 125–126

Needle penetration, 16

n-Heptane, 34
Nonhydrocarbon constituents of asphalts, 33

Nonionic surfactants, solubility of, 400

Nonlinear viscoelastic-viscoplastic model,

323

North Carolina State University artificial

neural network (NCSU ANN) model,

289, 290–291

Noubleau aggregates

comparative pavement design, 450t
granular fraction, 438f
single-gap-graded granular curve with,

439, 441t

O

Obourg aggregates, 438f
double-gap-graded granular curve with,

439–443

passing percentage, 444t
Oléoflux 18®, 359

Orthochape®, 74, 78

definition, 72–74

LVE properties of, 80f
Orthoprene®, 78

Oxidative aging, 33

asphalt concrete behavior, 276–278

binder database for, 280t
description, 273–276

impacts, 286–291

mixture database, 287t
models, 274t
at molecular level, 278–279

rheology of asphalt cement, 279–285

sequential multiscale approach, 291–297

viscoelasticity of asphalt concrete,

285–286

P

PANDA. See Pavement Analysis using

Nonlinear Damage Approach

(PANDA)

Paraffinic waxes, in crude oils, 35

Paraforpont®, 72–74

Parameter determination, for modeling

moisture damage, 334–337

PAV. See Pressure aging vessel (PAV)

PAV85, 20

Pavement Analysis using Nonlinear Damage

Approach (PANDA)

CDC test, 236–238

definition, 233

microdamage-healing constitutive

relationship, 234–235

Pavement cracking

advanced modeling observations,

145–150, 151

experimental observations, 139–145,

150–151

mechanisms, 135–136

traditional fatigue cracking,

137–139, 137f
types, 136t

Pavement distress index (PDI), 334

Penetration index (PI), 17

Penetration viscosity number (PVN), 48

Performance-related specifications, 23

Perpetua phase, 313

Petersen model, 172

Petroleum, waxes in, 35

Phase-contrast AFM technique, 98

PI. See Penetration index (PI)

PLM. See Power-law model (PLM)

PMBs. See Polymer-modified binders

(PMBs)

Poisson’s ratio

complex tests, 60–63

phase angle of, 64
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Polymer-modified binders (PMBs), 10–11,

19, 435

behavior of, 11, 24

European binder standards, 12

properties of, 25

Pore pressure development process, 307–309

Porous asphalt (PA) mixture, 324

Power-law model (PLM)

definition, 185

dependence on composition, 186–187

parameters, 196t
stress dependence, 182–183

temperature dependence, 183–186

Precipitation of asphaltenes, 31–34

Prediction sum of squares (PRESS) method,

161, 162f
Pressure aging vessel (PAV)

description, 20

oxidative, 279–282, 292–293

Propane asphaltenes, 34

Pumping action, 309

asphalt binder cracking, 308f
in asphalt mixtures, 316–319

definition, 307–309

phenomenon, 317

Purchase specifications, 23

Pure bitumens, 169

compositional models, 171–172

molecular structure, 169–171

R

RA binder. See Reclaimed asphalt (RA)

binder

Radial strain, 61, 63f
Radial tire-contact stresses, 146–147

Rapid-setting (RS) grades, 394

Rate of damage, HMA-FM principles,

154–155

Raveling of asphalt mixes (RoAM), 321

RCAT. See Rotating cylinder aging test

(RCAT)

RDT test. See Repeated direct tension (RDT)
test

Receiver sensor signal, 82

Reclaimed asphalt (RA) binder, 363

artificial, 373–375

blending, 391–392

double drum mixer, 363

extraction and recovery method, 367–369

extraction test at two layers, 371–373

glass beads, 375–377

manual washing, 372

material and processes, 366–369

mixture, 365–366, 377–381

properties, 372t
research approach, 364

results and analysis, 381–389

stage extraction, 369–373

Reclaimed asphalt pavement (RAP), 370f,
435

Recoverable strain energy (RSE), 245

Refractive index (RI), 44–45

Regulatory frameworks

Europe, 4–6

United States, 6–9

Repeated direct tension (RDT) test

controlled-strain, 245, 259

damage density measuresement, 259–260

Residue-recovery procedure, 422

Resins, 39

Rheological evaluation, of aged binders,

374–375

Ring-and-ball softening point (SPt) test,

10–11

Rolling thin-film oven (RTFO) aging,

279–280

viscosity, 280–282, 283

Rolling thin-film oven test (RTFOT), 18–19

Rotating cylinder aging test (RCAT), 19,

364, 373–374, 373f, 376f
Rutting resistance, 447

S

Saturate-aromatic-resin-asphaltene (SARA)

fractions, 273–274, 278

Scanning probe microscopy (SPM)

heat casting techniques, 102–103

imaging investigations, 97–99

nanochemical/nano-adhesive techniques,

101–102

nano-infrared, 126

nanomechanic techniques, 99–101

nanorheological methodologies, 125–126

sample conditioning, 103–104

solvent casting techniques, 102–103

spin casting techniques, 103
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Scanning thermal probe imaging, 126

Scenedesmus sp., 353–355
Secondary electroviscous effect, 403–404

Separations

on adsorption chromatography, 36–38

by affinity chromatography, 38–43

Corbett procedure, 36–37

Marcusson procedure, 36–37

methods of analysis, 37–38

precipitation, 31–34

size-exclusion chromatography, 43–52

solvent precipitation and extraction

methods, 34–36

Séquoia®, 349t
Sessile drop method, 313–314

Shear tests, dynamic, 192

Shift-Homothety-Shift and time-Shift

(SHStS) transformation, 77–78,

79f, 80f
Short-term oven aged (STOA), 286–288

SHRP. See Strategic Highway Research

Program (SHRP)

Simulations

asphalt binders, 212t
moisture damage, 322, 322f
top-down cracking, 161–164

Single-gap-graded granular curve,

439, 441t
Sinusoidal tension, 62

Size-exclusion chromatography (SEC), 42

calibration curves, 45

chromatograms, 46, 50f
fingerprinting, 44–45

fraction-I materials, 51, 52

fraction-II materials, 52

hydrodynamic volume, 44

physical properties, 49

separations, 43–52

Slow-setting cationic emulsion, 396

Slurry seal, 420–422

SMA. See Stone mastic asphalt (SMA)

Sol-type asphalts, 32

Solution spreading extraction method

(SSEM), 368f
definition, 367

G* values, 368f, 369t
Solvent casting techniques,

102–103, 104

Solvent extraction methods, 34–36

Solvent precipitation, 34–36

Specifications

attributes of, 3

characteristics, 1–3

empirical, 22–24

geographical considerations, 3–4

performance-related, 23

properties, 2–3

purchase, 23

test methods, 2–3

values, 2–3

Spin casting techniques, 103

Spontaneous emulsification, moisture

damage, 306

SPt test. See Ring-and-ball softening point

(SPt) test

Stability

bitumen emulsions, 409–412

cationic asphalt emulsions,

412–413

experimental confirmation of, 412

Stage extraction, 369–373

Standard stochastic finite element (SFE)

models, 313

Stiffness

of asphalt mixture, 2–3

gradients, 148–150

reduction, 139–142, 141f
Stone mastic asphalt (SMA), 324, 355–357,

356f, 357f, 432–433
Straight-chain alkanes, 35

Strategic Highway Research Program

(SHRP), 8–9, 59, 313

AFM, 98

fractions, 41

objective, 39

oxidative aging, 275, 292–293

scanning probe microscopy, 97

Stress dependence, 182–183

Superpave, 8–9, 15

Surface activity, 397–399

Surface energy

approach, 311–312

measurements, 312

Surface free energy, instantaneous intrinsic

healing, 217–219

Surface freezing crystallization, wax,

105–116

Surfactants, 397–398
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T

Task groups (TGs), 5

TC 336 structure, 6f
TDC. See Top-down cracking (TDC)

Technical committees (TCs), 5

Temperature dependence, 183–186

Temperature sensitivity, 17

Tensile strength ratio (TSR), 334

definition, 328–332

permeability, 334

Tensile tests, 182–183

Tension-compression test, 61, 76, 85, 85f,
88, 91

Tetrahydrofuran (THF), 44–45, 47–48

TFOT. See Thin-film oven test (TFOT)

Thermal annealing, 104

Thermal behavior, pure bitumens, 170

Thermal chamber, 61

Thermal cracking, 136t
Thermodynamic theory

adhesion, 309–310

microdamage healing, 229–233

Thermomechanical properties, of bituminous

mixtures, 59

Thin film, AFM analysis, 105–118

Thin-film oven test (TFOT), 19

Thixotropic effect, 208

3D linear viscoelasticity, 59–60

bituminous mixtures, 75–78

experimental results, 64–67

parameters, 85–86

properties, 79–86

reference temperature, 66f, 67f
shift factor, 66

tridimensional 2S2P1D model, 67–70

3D 2S2P1D model, 67–70

analogical representation, 68f, 69–70
in Cole-Cole space, 69f, 71f
complex modulus measured data, 74f
complex Poisson’s ratio and, 74f
equivalent analogical scheme, 68f
high-modulus mixture, 70–71, 72f, 73t
modeling for, 70–75

parameters, 73t
Threshold concept, HMA-FM

principles, 152

Time–temperature superposition principle

(TTSP), 64–66, 85–86

Toluene, 47

Top-down cracking (TDC), 136t
calibration and validation, 160–161

example simulations, 161–164

framework, 159–160

Touraine Enrobés asphalt plant, 435–436

TR15352, 23–24

Traditional fatigue cracking, 136t, 137–139,
137f

Transition temperature, ductile–brittle,

123–124

Transmitter, 82

TSR. See Tensile strength ratio (TSR)

U

Ultrasonic (US) wave propagation, 79
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