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ABSTRACT

Following a description of the general properties of asphaltic materials, a

review is presented on fatigue damage.

Fatigue element tests have been carried out using two types of procedures;
uniaxial tension-compression and a trapezoidal cantilever beam. The data from
the Trapezoidal test has been used to develop relationships between dissipated
energy and the number of load cycles to crack initiation. A method has been
developed which enables the stiffness loss during a fatigue test to be quantified
in terms of the initial mixture rheology. In addition, an improved method for
defining the crack initiation point, NI, has been developed along with the
definition of an energy ratio to enable determination of fatigue life for
intermediate modes of loading. An assessment of two tests involving indirect

tension has been made.

A series of tests were conducted in the Slab Test Facility to determine the
performance of various asphaltic mixtures with respect to fatigue. These have
been used to validate the results from the element tests and assess the

suitability of different shift factors.

A 2 dimensional Finite Element visco-elastic analysis method has been used
to calculate dissipated energy in pavement structures. This method has been
compared to an elastic analysis method. It was observed that the F.E. method

is less sensitive to pavement thickness. The F.E. method has some potential



for prediction of surface cracking and fatigue life but further work is needed

to implement a 3 dimensional model.

Finally, based upon an assessment of the results obtained, recommendations
have been made for additional work involving materials testing, model

development and pavement design.
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CHAPTER 1

Introduction

1.0 THE PROBLEM OF FATIGUE CRACKING

Fatigue cracking occurs when materials are subjected to repeated application
of loads at a level which induces stresses generally below the tensile strength.
In road pavements, traffic induced stresses/strains at the underside of the bound
asphaltic layer have been linked to this form of cracking. The cracking can
result in moisture penetration and this in turn can cause weakening of the soil
foundation, accelerating the failure of pavement structures. The need to protect
the considerable value invested in road pavements prompts the need to

understand the fatigue mechanism in relation to road pavement performance.

1.1  EARLY PAVEMENT DESIGN

The engineering properties of asphaltic paving materials and analysis of the
pavement structure are both so complex that, for many years, detailed
structural analysis was not attempted. When pavements for road vehicles
consisted essentially of unbound materials such as, gravels, crushed stone etc,
covered with thin asphaltic treatments, such as a surface dressing or a thin
asphaltic mixture, the choice of materials, and the thickness required to carry

traffic, were based on experience. This experience was originally that of
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individual pavement engineers but gradually 1t was rationalized and presented
in the form of tables or charts, so that the data could be used by less
experienced engineers. Many such systems were developed for particular
locations by making appropriate allowances for factors such as climate, soil

type, drainage and effects of frost.

These purely empirical systems were fairly reliable but, since they were based
on experience, their use was restricted to the same circumstances as the
original experience. The limitations of these systems have became apparent
as traffic volumes have increased and the trend in pavement design has been
towards the gradual adoption of a more mechanistic approach. This approach
requires a knowledge of the engineering properties of the materials and an

ability to model the pavement structure theoretically.

1.2 DEVELOPMENT OF MECHANISTIC PAVEMENT DESIGN

The possibility of using conventional structural design methods, which require
a mathematical model of the structure, was first considered in the 1940's.
Equations were developed by Burmister (1943) for the calculation of stresses
and deflections in a two-layer system. These equations assumed that the layers
were homogeneous, 1sotropic and elastic and indicated the potential benefit of
using higher quality materials in the upper layers. The solutions for stress
were, however, not widely used because of the mathematical complexity of the
equations. Recently, with the development of increased computing facilities,

these use of these complex mathematical procedures have become relatively
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routine.

Considerable progress has been made in understanding structural behaviour,
including the interaction between layers and the concept of pavement
deterioration. Pavements do not normally fail catastrophically but by gradual
accumulation of permanent deformation or cracking, caused by repeated
applications of load, eventually leading to unacceptable pavementi quality. The
use of structural analysis techniques led to the realization that layers of high
stiffness would develop high tensile stresses. The inspection of test pavements
confirmed that cracking is generally initiated at the bottom of the asphalt layer
and propagates upward through the bound pavement layers (van Dik, 1975).
Thus, the adoption of stiff bound layers to protect the soil foundation, can
result in fatigue failure due to the traffic loading with cracks initiating at the
bottom of the layer. However, other researchers (Matsuno et al., 1992) have
reported the incidence of surface cracks initiating first, particularly in hot arid
climates where UV light can cause brittleness of the surface through high
levels of oxidation. Considerable progress has been made in understanding the
mechanisms of fatigue cracking and these developments have been used in
various design methods for flexible pavements (Shell International Petroleum
Company, 1978; Brown et al., 1985; and The Asphalt Institute, 1984). These
have been generally been based on, or incorporated, a theoretical analysis

carried out by computers.

1.3 BACKGROUND TO THE RESEARCH PROJECT
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The research work undertaken and presented in this thesis evolved from a
series of research contracts awarded to SWK Pavement Engineering Ltd. and
the University of Nottingham by contractors working on the U.S. Strategic
Highway Research Program, SHRP, (Strategic Highway Research Program,
1986). This program was funded by the government of the USA and
concentrated on four specific areas of research related to highways; asphalt,
concrete and structures, highway operations and long term pavement
performance. The largest amount of work in this thesis formed part of the
asphalt research which was conducted via a series of main research contracts
as given in Table 1.1. Two other contracts (A-002B, "Novel Approaches for
Investigating Asphalt Binders" and A-002C, Nuclear Magnetic Resonance
Investigation of Asphalt) supported the work of contractor A-002A. In
addition, a series (fifteen total) of small innovative research contracts were
awarded. The work on fatigue cracking was carried out for contracts A-003A
and A-004. In addition, a small amount of work was done directly with the

management contractor (SHRP contract A-001).

During the course of the SHRP research, additional research contracts were
awarded to SWK(PE) following discussions between the author and Shell
Development Company in Houston. The combination of the SHRP and
SHELL contracts provided a basis for an extensive investigation of the fatigue
cracking phenomenon. Due to the larger scale of these projects some of the
technical work carried out by the author involved developments by co-workers
who are referred to from time to time in the text. The transatlantic nature of

the research provided for an excellent opportunity for interactions with
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American universities and at some stage in the research program all the places

listed in Table 1.1 were visited,

The specific work conducted on each of the projects outlined above was as

follows:-

SHRP-A-0034: Refinement of the procedures and equipment at
Nottingham for two types of fatigue test followed by the subsequent
testing of 64 specimens in each apparatus as part of a test development

plan.

Testing of 6 slabs with an apparatus, in which the load was applied
with a rolling wheel, to assist with the validation of the selected test

method for fatigue.

Testing of 40 specimens removed from a circular test track in France'
as part of an inter-laboratory study on repeatability/reproducibility of

the preferred test methods.

SHRP-A-004: Testing of 12 slabs with an apparatus, in which the load
was applied with a rolling wheel, to assist with validation of the

selected fatigue test for mixtures with modified binders.

SHELL-02: Fatigue testing of 45 specimens using a standard mixture

"Laboratoire Central des Ponts et Chaussées, Nantes
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Contract Description Organization/Principle
No. Investigator
A-001 Improved Asphaltic University of Texas, Austin,
Materials, Experiment Texas.
Design, Coordination and | Professor T. Kennedy
Control of Experimental
Materials.
A-002A Binder Characterization Pennsylvania State
and Evaluation. University,
State College, Pennsylvania.
Professor D. Anderson
A-003A Performance Related University of California at
Testing and Measuring of | Berkeley, California.
Asphalt-Aggregate Professor C.L. Monismith
Interactions and Mixtures.
A-003B Fundamental Properties of | University of Auburmn,
Asphalt-Aggregate Auburn, Alabama
Interactions and Mixtures. | Professor C. Curtis
A-004 Asphalt Modification. South Western Laboratories,
Houston, Texas.
Mr D. F. Martinez and
Dr D. Rowlett
A-005 Performance Models and Texas A&M University,

Validation of Test Results.

College Station, Texas.

Professor R.L. Lytton

Table 1.1: SHRP Asphalt Projects
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with 11 different types of binder, 9 of which were modified.

SHELL-03: Development of a visco-elastic pavement model for the
prediction of fatigue life (and permanent deformation) of asphalt

pavements.

SHELL-D: Testing of 60 specimens of asphalt aggregate mixtures to

obtain visco-elastic properties.

While the results of the individual contracts have been separately reported, the
combination of the all the work allowed the author to further develop existing

methods and improve understanding of the fatigue cracking problem.

14 OBJECTIVES OF THE RESEARCH

The objectives of the research work presented in this thesis were to evaluate
and develop the concept of dissipated energy to explain the fatigue process in
asphaltic materials. The work involved the development of new, improved
fatigue test procedures making full use of data acquisition with modern PC's
which has only recently become possible. Consequently, the work on this
project had the advantage of a significantly greater level of data acquired for
analysis than on previous research conducted at Nottingham on the fatigue

performance of asphaltic mixtures (for example Cooper, 1976).

In addition, methods were investigated which made use of visco-elastic
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analysis to calculate pavement damage using dissipated energy. This work
involved model development for asphaltic materials and the use of transfer

functions to estimate the damage associated with dissipated energy.

In addition to the theoretical model and transfer function development, the
series of tests in the Slab Test Facility provide a first stage validation of the
methods developed above. An effort was also made to develop simplified test

procedures.

1.5 CONTENTS OF THESIS

This thesis is divided into eleven chapters. Chapters 2 and 3 provide a
literature review on the properties of asphaltic materials and their fatigue

characteristics including background information on visco-elastic behaviour.

The details of the experimental work are given in Chapter 4 which also
provides information on material properties and other basic reference data.

The laboratory test procedures are described in detail in Chapter 5.

Chapter 6 contains a detailed analysis of the fatigue test results and a method
for defining crack initiation is presented. A mode of loading factor is
developed and statistical analysis of the data result in predictive equations for
estimating fatigue cracking of laboratory specimens using the concepts of

dissipated energy.

-1.8-



The results of the wheel tracking experiments conducted in the Slab Test
Facility are presented in Chapter 7. This includes comparisons with bending

beam fatigue test results and performance rankings.

Chapter 8 contains analysis of data collected in the Indirect Tensile Test which

was used as a "simplified" test procedure.

The fatigue analysis method using visco-elastic modelling is presented in
Chapter 9. This contains a discussion on the "case for" visco-elastic analysis
and discusses material models which can be used. Comparisons are made with

conventional elastic analysis.

The prediction of fatigue life for real pavements includes the effects of

temperature variations, traffic, rest periods and other considerations. These

aspects are discussed in Chapter 10 which makes recommendations and

suggestions for fatigue prediction.

Conclusions and recommendations are presented in Chapter 11.
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CHAPTER 2

Physical Properties of Asphaltic

Mixtures

20 COMPONENTS OF ASPHALTIC MATERIALS

Asphaltic materials are made from the combination of mineral aggregates with
an asphaltic binder. The aggregates are described as belonging to one of three
categories depending upon the size fraction. The fraction retained on 2.36
mm (or 3.35 mm), passing 2.36 mm (or 3.35 mm) retained 75 um and passing
75 um sieves are generally referred to as coarse aggregate, fine aggregate and
filler respectively. The filler, although present in many aggregates, is normally
obtained from limestone due to both improved physical and chemical effects

that this alkaline aggregate imparts to the mixture.
2.1 BINDERS
2.1.1 Asphaltic Binders

The most common asphaltic binder is bitumen' which is obtained from crude

'In the United States of America "Bitumen" is referred to as "Asphalt

Cement" or simply "Asphalt".
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Figure 2.1 : Production of Bitumen
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oil. Figure 2.1 shows the flow of oil and the fractionalizing into principal
components of which it should be noted bitumen is last to be obtained. It is
often referred to as being obtained from the "bottom of the barrel” and is a
dark (black) thick viscous liquid. Bitumen consists of a highly complex

arrangement of mainly hydro-carbon molecular matter.

Several other types of "natural” hydrocarbons are used in limited quantities for
asphaltic mixtures, such as Trinidad Lake Asphalt (Attwooll et al., 1962) and
Gilsonite (American Gilsonite Company). Tar, a byproduct of the manufacture
of coke from coal has been extensively used in the past but is rarely used

today.

In addition, the use of chemically modified binders (such as Styrene-Butadiene-
Styrene (SBS), Ethylene Vinyl Acetate (EVA) and many others) have been
gaining popularity due to their improved performance (Brown et al., 1990).
These binders have enhanced physical behaviour and better performance in

road pavements.

2.1.2 Tests for asphalt binders

Asphaltic binders are generally classified/graded by their physical properties
using a senes of empirical or performance related tests. Historically, empirical
tests such as Softening Point, Penetration and Fraass have been used to define
the behaviour at high, intermediate and low temperatures. These have been

used along with wviscosity tests to define the relationship between binder
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consistency and temperature.

Consistency and viscosity tests have been used in specifications for asphaltic
materials throughout the World. However, it 1s important to recognize that
many of the tests that exist can be approximated to tests carried out using
different apparatus, test configurations and temperatures. The Bifumen Test
Data Chart (BTDC) (Heukelom, 1969) provides an extremely useful means for
doing this. The scales on this chart are selected so that a "straight run”
unmodified binder will be represented by a straight line if, Fraass, Penetration
at various temperatures, Softening Point (Ring and Ball) and viscosity at
various temperatures are plotted. The slope of the line is a measure of the
temperature susceptibility of the binder. Figure 2.2, shows the BTDC. A
numerical value is often calculated to express the slope in the range covered
by the penetration test referred to as the Penetration Index (or PI) (Pfeiffer and

Van Doormaal, 1936) and is calculated as follows:

Pl - 20 (1 -254) @.1)
1 + 504
where:
4 - log pen at T, - log pen at T, 22)
T, - T,
where: T, and 7, are temperatures at which the penetration is

measured.

Pfeiffer and Van Doormaal (1936) found that the Softening Point temperature

was approximately equal to a penetration of approximated 800. Consequently,
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the Softening Point is often substituted into Equation 2.2, as follows:

log pern at T, - log 800

- 2.3)
T, - ASTM Softening Point

2.1.3 Rheological tests for asphalt binders

The rheological description of a material describes, fundamentally, the
relationship between stress and strain. The nomenclature commonly used is

given in Table 2.1.

When an asphaltic material is tested under sinusoidal loading, the resulting
strain response is out of phase with the applied stress, Figure 2.3. This phase
lag, &, occurs due to a viscous component of the material behaviour and is
related to viscous energy dissipation in the binder film. A material which
behaves entirely in an elastic manner (8=0°) dissipates no energy. However,
a purely viscous material dissipates all energy input (6=90°). The phase lag,
d, is used to define the storage and loss moduli by multiplying the complex
stiffness modulus' by the cosine and sine of the angle respectively. The

uniaxial complex stiffness modulus is as follows:

-2 (2.4)
£
where 4] = Amplitude of axial stress

' The term complex modulus (E* or G*) is used to describe the
relationship; maximum stress divided by maximum strain when a visco-elastic

material is tested with sinusoidal loading.
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Stiffness Modulus | Compliance
Uniaxial E D
Shear G J
Bulk K M

Note: Stiffness modulus is defined as a stress divided by
a strain whereas the compliances are defined by a strain

divided by a stress.

Table 2.1 : Definition of Moduli and Compliances
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€ = Amplitude of axial strain
The phase lag is used to calculate the storage (E') and loss (E") complex

stiffness modulus, as follows:-

E = E* cosd 2.5)

and

E” = E* sind (2.6)

Another parameter often used to describe the energy dissipation is tan &, which
is the ratio of E” over E”. Tests conducted on asphalt binders are normally
done in a shear mode and, consequently, either the complex, storage and loss
shear stiffness moduli (G*, G" and G”) or the compliances (J*,J" and J”) are

measured.

The applicability and method of the measurement depend to a large extent on
the properties of the material being tested and its end use. Two methods
involving the Dynamic Shear Rheometer (DSR) (AASHTO TP5) and the
Bending Beam Rheometer (BBR)' are now being routinely used with asphalt
binders (AASHTO TP1). The DSR uses a 1 mm or 2 mm film of binder
sandwiched between two parallel plates (8 mm or 25 mm in diameters). The
unit assembly is housed in a temperature controlled environment and a torque
is applied to the system to generate a displacement. The resulting stress and
strain amplitudes are recorded and the complex shear modulus calculated using

Equation 2.7.

! Developed as part of the by SHRP A-002 contract.
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G -2 @7
Y
where T = Amplitude of Shear Stress
v = Amplitude of Shear Strain

The phase lag, §, is also measured (as illustrated in Figure 2.3) and this

enables the storage and loss shear moduli to be obtained.

where

G’ = G* cosd (2.8)

and

G” = G* sind 2.9)

The BBR was specifically developed to overcome testing problems’ that can
occur with DSR's when testing stiff binders at cold temperatures. The testing
mode of this equipment is illustrated schematically in Figure 2.4. A slender
beam of asphalt binder (125 x 6.25 mm) which is simply supported is loaded
with a constant force at mid span. The deflection i1s monitored with time and
this is used for calculation of bending stiffness (using bending theory for a

simply supported beam) as a function of time using Equation 2.10.

! The ability of some DSR's to apply sufficient load to generate a given
strain is often difficult and the cost of equipment can be prohibitive for routine

testing.
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Figure 2.4 : The Bending Beam Rheometer

-2.11-



S@® = .__I_JL (2.10)

4bh> AP

where: SH = Creep stiffness modulus at time, £
(t = 60 seconds is used as standard)
P = Applied constant load, normally 100 g
L = Distance between beam supports, 102 mm
b = Beam width, 12.5 mm
h = beam thickness, 6.25 mm
AW = Deflection at time, t

(t = 60 seconds used as standard)

The stiffness modulus S{) can be considered to be essentially equal to the
uniaxial modulus E(#) and can be converted to a shear modulus (assuming a

Poisson's ratio of 0.5) by Equation 2.11.
GO - Egz‘l @.11)

2.1.4 Relationships between stiffness, temperature and loading time

The stiffness modulus of an asphaltic binder is dependent upon both time and
temperature. At very cold temperatures it becomes "glassy" and is very stiff
with an uniaxial stiffness modulus of approximately 3 GPa (Van der Poel,

1954). This "limiting” stiffness is similar for most binders. As the
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temperature is increased, the stiffness decreases until the asphaltic binder
exhibits entirely viscous behaviour and then the stiffness is inversely
proportional to the loading time. Figure 2.5 illustrates this behaviour. It
should be noted, that interchange of loading time and temperature produce the
same effect. Short (fast) loading times will result in high stiffnesses whereas
long (slow) loading times produces low stiffness results as illustrated in Figure

2.6.

The results from testing binder are normally plotted as log complex stiffness
versus the test frequency. Typical data for a 60/70 penetration grade binder
1s presented in Figure 2.7. This data was obtained over a range of frequencies
(7.8 to 250 Hertz) and temperatures (-10 to 60°C). The data consists of a

series of curves for the tests conducted at each temperature.

The data can be shifted horizontally to form a master curve at a common
reference temperature. The steps required in order to perform this are as

follows:-

1. Decide Reference Temperature - A temperature of 20°C is commonly
used. This is the temperature to which the stiffnesses obtained at other
temperatures are shifted along the frequency axis. This is done by determining
at what frequency they would have had to be tested to give the same result as

at the reference temperature.

2. Determine Shift Factors, a(T) - This can be done by trial and error or
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Figure 2.7 : Stiffness versus Frequency for a typical 60/70 Penetration
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by sophisticated computer software. The shift factors are then generally
plotted using either an Arhennius or Williams-Landel-Ferry (WLF)' (Ferry,
1980) relationship on a graph as illustrated in Figure 2.8. A relationship
between the shift factor and temperature is then determined. The Arhennius

or WLF relationships are defined by the equations as follows:-

Arhennius:-
1 1
loga (M = K [=—] (2.12)
T T,
WLF:-
-C, (T-T
log a( = M (2.13)
where: al) = The shift factor relative to the reference
temperature.
K C,C, = Constants.

Regression analysis can be used to determine the constants in the equations.

'Generally the Arhennius shift is used for colder temperatures whereas the
WLF shift i1s used at higher temperatures. Often the glass transition
temperature 1s used as the defining temperature for the choice of the shifting
procedure. However, in asphaltic binders and materials the glass transition
temperature 1s poorly defined and different researchers use different defining

temperatures (Christensen et al., 1992).
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However, if a suitable reference temperature is used various researches
(Dobson, 1969; and Christensen et al., 1992) have proposed that single values

can be assigned to the constants in the above Equations 2.12 and 2.13.

3. Once the shift factor a(7T) has been obtained, the frequencies for the
measurements at temperatures other than the reference temperature are shifted,
as indicated in Figure 2.9, to produce a single curve. A similar shift can also
be made to the other properties e.g. phase angle, loss and storage stiffness

modulus.

This form of presenting data, as master curves, is very useful because it allows
the prediction of the moduli at any loading frequency or temperature and the

comparison of data on an equal basis.

Using the principal of time and temperature superposition for simple thermo-
rheological materials with linear visco-elastic behaviour, the results from both
the BBR and DSR can used to produce "master curves" (either for G(#) or G).
These relationships can be established for the majority of bituminous binders.
It should be noted that if large strains are used in the testing, then non-linear
visco-elastic behaviour may be encountered, and, consequently, time and

temperature superposition will cease to be a reliable method (Collins, 1991).

2.1.5 Relationships between rheology and consistency

Before routine methods became available for measuring the rheology of
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asphaltic biﬁders, procedures were developed to estimate stiffness as a function
of simple consistency tests. The most widely used and accepted method is that
developed by Van der Poel (1954). His method involved use of the Softening
Point (as an estimation of the temperature when the Penetration would be 800
mm), the Penetration (25°C, 100 grammes) and loading time or frequency to
obtain the binder stiffness (see Figure 2.10). However, the use of this
prediction method does have a large associated error (up to 100%) and,
consequently, the results need always to be used with caution in the context

of a well researched and calibrated design method.
22  ASPHALTIC MIXTURES
2.2.1 Asphaltic Concrete

There is a wide range of asphaltic mixtures available. However, probably the
most widely used mix in the world is a material called Asphaltic Concrete
which is made up from a well graded aggregate together with 4-6% bitumen
by mass. The mixture is applied hot and compacted by rolling with the
temperature being dependent upon the viscosity of the bitumen. The
composition is designed to give a air low void content after compaction. The
term Asphaltic Concrete has now been adopted throughout Europe with the
British name Dense Bitumen Macadam being dropped. The work presented

later in this thesis was carried out with this type of material.

An asphaltic mixture must have certain key structural properties which are
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used to control the level of strains in the pavement. The important strains
(Brown et al., 1985) related to the life of an asphaltic pavement are illustrated
in Figure 2.11. The material properties which effect the pavement life with

traffic loading are as follows:-

Stiffness - this parameter influences the level of stresses and, hence, strains
within the pavement structure which, in turn, effects the tensile strain
(controlling fatigue life) and the vertical compressive strain in the formation

which has been used as an index of pavement rutting.

Fatigue Strength - this parameter indicates the material's ability to withstand
the repeated application of loads without cracking at a certain level of tensile

strain.

Permanent Deformation - this characterizes the material’s ability to withstand

rutting in the wheel tracks in the asphaltic layer.

The first two of the above criteria can be estimated from a knowledge of the
composition (with a limited degree of accuracy for conventional materials)
since both stiffness and fatigue are dominated by the performance of the
binder. However, the third criterion depends on many variables (particularly
aggregate properties) and always needs to be assessed by testing. Other
material properties (such as skid resistance, roughness and durability) need to
be considered when selecting asphaltic materials to ensure that quality

pavements are constructed.
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Figure 2.11 : Important Strains Related to the Life of an Asphaltic
Pavement, Vertical Compressive Subgrade Strain and Tensile Strain at
Underside of Bituminous Layers
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2.2.2 Mixture stiffness

The range of stiffnesses for asphaltic materials is very large and is a function
of both loading time and temperature. At low service temperatures and short
loading times the stiffness is generally a function of the mixture volumetrics
and the binder properties whereas at high service temperatures and long
loading times the aggregate properties are very significant. The stiffness of
the mixture can be treated as elastic at very low temperatures/short loading
times, moving to linear visco-elastic behaviour as the temperature/loading
times increase, and finally to a mixture of visco-elastic-plastic behaviour at
high temperatures/long loading times (Francken et al., 1974; Van der Poel,
1954; and Perl et. al, 1981). If strain levels are kept low, the maternal
generally exhibits linear elastic or linear visco-elastic behaviour at temperatures
less than 25°C and at loading times associated with moving traffic. However,
as the strain level is increased, non-linear behaviour results. At high
temperatures it is difficult to test materials at lower strain levels and

consequently most stiffness measurements incorporate non-linear behaviour.

The stiffness of asphaltic mixtures can be measured by a variety of techniques
which can generally be considered as either; i) applying a bending stress and
measuring a deflection or strain to compute the stiffness, or ii) applying a
direct stress (axial or shear) to a specimen and measuring the resulting strain
to compute the stiffness. Generally, bending methods are used at lower
temperatures in order to increase strain resolution whereas the direct methods

tend to be more popular for work conducted at higher temperatures.
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For the higher loading rates and lower temperatures, stiffness properties may
be considered in a similar manner to that outlined above for bituminous
binders. Hence, if plotted as a function of loading frequency, tests conducted
at different temperatures can be combined using an Arhennius fitting procedure
to define a master curve of stiffness and phase lag. From the master curve
values can then be obtained at any loading frequency or temperature for

pavement design calculations.

An alternate way of presenting mixture stiffness results in this range is to
express them as a function of binder stiffness in order that the results are

expressed in a form which is independent of binder type.

The assumptions regarding linear visco-elastic behaviour are generally valid
when the binder stiffness is greater than 5 MPa (Bonnaure et al., 1977).
Below this value, the aggregate structure plays a significant role in the stiffness
result and the dependence of the mixture stiffness on binder stiffness can no
longer be considered valid. However, it is still useful to construct plots of
binder stiffness versus mixture stiffness so that the effect of aggregate structure
can be demonstrated. Figure 2.12 illustrates this where the stiffness modulus
of mixtures with similar mixture volumetrics are plotted against the binder
stiffness. It can be observed that at the higher stiffness values, the moduli
coincide while they diverge as lower values are reached. The mixture with the
flatter line at the lower values of binder stiffness will tend to be more resistant

to permanent deformation.
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Figure 2.12 : The Effect of Aggregate Structure and Rate of Loading on
the Stiffness of Bituminous Materials
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For pavement design, stiffnesses are normally considered at both ends of the
spectrum, ie. that associated with fast moving traffic at lower pavement
temperatures for fatigue life calculations and with slow moving traffic at high

pavement temperatures for the assessment of permanent deformation.

Pavement design for fatigue life relies on the computation of stresses and
strains in the pavement structure and, since many methods use linear elastic
layered analysis there is a requirement to determine a stiffness and Poisson's
ratio to perform the calculations. Calculations of this kind are generally
confined to the lower temperatures and faster speeds of loading where the
material tends to behave more elastically (or in the linear visco-elastic range).
Due to the past difficulty and cost in performing measurements of stiffness,
several researchers have developed prediction methods (Brown, 1978; Kallas

and Shook, 1969; Witczak, 1978; Miller et al., 1981; Bonnaure et al., 1977).

2.2.3 Permanent deformation behaviour

The measurement of stiffness for permanent deformation behaviour has been
traditionally obtained from creep and repeated load, axial or triaxial tests on
cylindrical specimens. Stiffness is considered to be a function of stress state
and temperature and is often treated in a similar manner to that discussed
above. However, the prediction of high temperature stiffness is not possible

due the many controlling factors which include:-

Binder properties,
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Mixture volumetric properties,

Aggregate properties such as shape, size and roughness.

The resistance of a mixture to permanent deformation is considered as arising
from; (i) viscous resistance (associated with the binder properties), and (it)
frictional resistance associated with the internal frictional resistance of the

mineral aggregate skeleton.

In order to avoid the difficulties in interpreting mixture properties at high
pavement temperatures, several specifying authorities use wheel track tests to
determine if materials are fit for a given role in the pavement structure with

respect to permanent deformation.

2.2.4 Fafigue strength

Fatigue strength in asphaltic materials is defined as the ability of the maternial
to resist cracking following repeated applications of load at a level generally
below the ultimate tensile strength of the material. The measurement of
fatigue strength, influencing factors and prediction of fatigue life are discussed

in further detail in Chapter 3.

2.2.5 Other properties

Other properties which need to be considered in the selection of mixtures and

which can significantly effect the properties discussed above are ageing
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resistance and the damage caused by moisture, known together as durability.

23 SUMMARY

The visco-elastic properties of asphalt mixtures are influenced by the binder,
aggregate and volumetrics. Since asphaltic mixtures are visco-elastic, energy
will be dissipated when loading. To model the behaviour of the mixtures in
pavement structures, visco-elastic material properties are required. These

aspects are discussed in greater detail later in this thesis.
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CHAPTER 3

Literature Review

30 INTRODUCTION

Fatigue strength can be defined as the ability of a material to withstand
repeated applications of stress, generally at a level below the tensile strength

of the material, without fracture.

The importance of testing asphalt mixtures for fatigue performance was first
recognized in the 1950's (Hveem, 1955) due to increasing concern with
pavement cracking. Since that time significant progress has been made with
regard to the understanding of fatigue behaviour of asphaltic mixtures. Fatigue
cracking can generally be considered as occurring in two stages; 1) the
formation of cracks (crack initiation), and 2) the growth of cracks (crack
propagation). This literature review covers the significant developments that
have been made over the past forty years providing an introduction to the

research presented in this thesis.

3.1  TEST CONFIGURATIONS

The fatigue performance of asphaltic mixtures is generally evaluated with
repeated load tests on prepared specimens either using a constant applied load

(controlled stress) or deflection (controlled strain). Figure 3.1 shows various
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Figure 3.1 : Tests for Measuring Fatigue Performance
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configurations of tests employed. These are described below:-

Three or Four Point Bending Tests are conducted on prismoidal specimens
which are held horizontally and dynamically loaded. The four point bending
test has the advantage of a zero shear force over the middle third of the
specimen where the bending stress is uniform and at its highest value. The
three point bending test has a maximum bending stress at the mid span of the

beam, at a single point which is coincidental with the point of applied load.

The Two Point Bending Test uses a trapezoidal shaped cantilever beam
specimen which is fixed at its base with the top of the beam being cyclically
loaded. The bending stress varies continually along the length of the beam
with the maximum bending stress located towards the centre of the beam, its
position being dependent upon the chosen geometry. Unlike the three or four
point bending tests, the maximum bending stress occurs away from the

loading/fixing points.

The Rotating Bending Beam Test uses a cylindrical necked specimen to
which a static cantilever load is applied. The specimens are held in the chuck
of a motor which is then rotated rapidly. The rotation of the beam results in
a sinusoidal load being applied to the specimen which varies between tension
and compression. The maximum bending stress occurs away from the points
of loading/fixing in a similar manner to that obtained with the two point

bending test.
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The Beam on Elastic Foundation Test provides a more simulative test than
the other bending tests but calculation of bending stress/strain is more difficult.

In addition stress reversal is not possible with this type of test.

Other tests are used to evaluate performance which apply a direct axial force
to the specimen. Two typical configurations of the Direct Tension
Compression Test are illustrated in Figure 3.1. One of the two illustrations
shéws a necked specimen in order to reduce the possibility of cracking near
the fixing points. In a direct stress test, the stress is uniform across the cross
sectional area which is different from the bending tests where the maximum

stress only occurs at the extreme fibres.

A further test which has been used to evaluate fatigue performance is the
Indirect Tensile Test for which the test configuration is also illustrated in
Figure 3.1. This test, however, suffers from a very complex bi-axial
stress/strain distribution in the specimen (Hadley et al., 1970; and Sousa et al.,
1991) and, consequently, the results from this type of test have to be used with

caution. In addition, the test configuration does not permit stress reversal.
32 STRAIN CRITERIA

The above tests are often used to obtain data which can be plotted as a graph
of log life versus log stress or strain (see example in Figure 3.2) giving a
straight line relationship. Pell (1962) showed that data from bending beam and

axial tests could be plotted in this format. However, as with most fatigue
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testing, they also noted a relatively large amount of scatter existed with data
of this form as shown in Figure 3.2. This data was obtained with a sand
asphalt mixture in a rotating bending beam test (controlled stress). This results
in a relatively large number of test specimens being necessary in order to

define a fatigue relationship.

Figure 3.2 shows the results plotted as the logarithm of tensile stress plotted
against the logarithm of number of load applications. However, the
relationships obtained in this form are very dependent upon the test conditions.
For example, if the tests are conducted at different temperatures different
relationships are obtained for individual mixtures (see Figure 3.3). If tests are
conducted at different frequencies a similar effect occurs with fatigue life
increasing as the strain decreases, as shown in Figure 3.4. Pell et al. (1961)
plotted the data as log strain versus log life for a series of test results obtained
at different loading frequencies and test temperatures. He observed that the
resulting fatigue relationships were so close that they could be described by a
single relationships of log strain versus log life, as illustrated in Figure 3.5.
Pell et al. (1961) concluded that different temperatures and speeds of loading
can be accounted for by their effect on stiffness and the behaviour is controlled
by the magnitude of strain. This type of relationship became known as the
strain criterion (Equation 3.1) and 1s was found to be valid for the controlled

stress mode of loading with mixtures which exhibit a relatively high stiffness.
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where;
N; = number of load repetitions for fatigue life
g, = tensile strain
cm = constants

3.3 FAILURE CRITERIA

The failure criteria used with controlled stress and strain tests are different.

Generally they are as follows:-

Controlled strain fatigue tests are normally considered to have reached a
terminal condition when the stiffness has dropped to 50% of its initial value.
This results in a test which can be completed in a reasonable time scale. In
addition, the 50% value is used since this stiffness modulus is considered to
be representative of a pavement in a condition when fatigue cracking is

becoming evident (Raithby et al., 1972).
Controlled stress fatigue tests are normally considered to have reached
terminal condition when either the specimen has fractured or when the stiffness

reduces to less than 10% of its initial value.

The above definitions result in specimens being relatively intact when removed
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from a controlled strain test in contrast to being significantly fractured in a
controlled stress test. In addition, the relative increase/decrease in stress during
the two tests results in the life of a controlled strain fatigue test being greater

than that obtained in a controlled stress test. This is illustrated in Figure 3.6.

A modification to Equation 3.1 was proposed by Finn et al. (1977) and
Monismith et al. (1985) as given in Equation 3.2 for mixtures tested in either

controlled stress or strain fatigue tests.

N-a [_l_)b (L]a (3.2)
e, \ S
where;
N; = number of load repetitions for fatigue life
&, = tensile strain
S,. = stiffness modulus
a b c= constants

This indicates that the mixture stiffness plays a key role in fatigue performance

of pavements because as well as being directly related to the life it also

controls the level of tensile strain.

34 MODE OF LOADING

Monismith and Deacon (1969) proposed the use of a mode factor, MF, to
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fatigue tests have been used for thin asphalt layers whereas controlled stress

tests have been favoured for use with thick layers.

3.5 EFFECT OF MIXTURE VARIABLES

The performance of a mixture in fatigue is significantly effected by the
volumetric properties of the mixture and the type of binder. Other aspects,
such as type of aggregate, play a smaller role. The volumetric composition of
the mixture is considered in terms of the binder volume (V},), aggregate/stone
volume (V,), the air volume (V,) or any combinations of these. The
combinations which have been of most interest have been the voids in mineral
aggregate (VMA = V, + V), the volume of binder (V}) and the voids filled

with binder (VFB = V, | VMA).

For a laboratory test, fatigue life increases non-linearly with increasing volume

of binder (V}), as follows:-

N, = Functon (V, ") (34)

where;

n = a constant normally between 4 and 6.

Figure 3.7 shows a typical relationship reported by Pell and Cooper (1975).
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The effect of aggregate type is important in that an aggregate which packs
together more efficiently giving a lower VMA will give a better fatigue
performance compared to an aggregate that does not readily compact.
However, if the volumetric relationships are considered, the majority of the
variability can be explained, suggesting that the mineral nature of the aggregate
surfaces has only a small influence. This is consistent with the fatigue process
taking place in the binder film. Cooper (1976) tested aggregates including
slags, gravels, granites, limestones and basalts finding this to hold true. Other
researchers (Bonnaure et al., 1980; and Francken et al. 1987) have also found
that the type of aggregate and gradation play only a minor role compared to

mixture volumetrics.

Binder properties have been shown to effect the performance of asphaltic
materials very significantly. Various researchers have proposed different
binder properties which correlate to fatigue performance. Pell and Copper

(1975) demonstrated the effect of Softening Point on the perfbrmance of a

mixture at a level of 100 u& (Figure 3.8) with a higher value giving better

fatigue performance at that level of strain in controlled stress testing.

Francken et al. (1987) also showed that the type of binder is important in the
assessment of fatigue life where a parameter "A" (which is related to the
asphaltene content of the bitumen) 1s directly related to the permissable tensile
strain (Figure 3.9). It should, however be noted that as the asphaltene content
increases, the viscosity increases (Whiteoak, 1990) so in some ways this effect

may be similar to that reported by Pell and Cooper (1975).
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The importance that mixture stiffness plays with regard to fatigue performance
has been demonstrated by Bonnaure et al., (1980). Mixture stiffness can be
related to the binder properties since it is significantly effected by the binder
stiffness which in turn correlates with Softening Point and viscosity for

conventional binders.

More recently, SHRP has specified the shear loss stiffness (G” or G* sind) of
the binder as a fatigue parameter. This rheological measure is a more
fundamental parameter but it can be correlated to many of the previous
parameters used for conventional binders. For example, if the data presented
by Christensen et al. (1992) is analyzed (Softening Point versus log G”) a
correlation with a regression coefficient (r*) of 0.875 results. In addition, the
shear loss modulus is directly related to the ability of the binder to dissipate

energy.

3.6 DISSIPATED ENERGY

Energy is dissipated in asphalt mixtures during loading and relaxation because
the material behaves substantially in a visco-elastic manner at ambient
temperatures. The dissipation of energy is demonstrated in Figure 3.10 were
a linear elastic material is compared to a visco-elastic material. With an elastic
matenial, the energy stored in the system (when loaded) is equal to the area
under the load-deflection curve and, during unloading, all the energy is
recovered. By contrast, a visco-elastic material, when unloaded, traces a

different path to that when loaded. This phenomena is commonly known as
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Figure 3.10 : Linear Elastic versus Visco-Elastic Behaviour
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"Hysteresis" and the energy dissipated is equivalent to the area within the loop

(Figure 3.10).

When a visco-elastic material, is sinusoidally loaded about a zero position, as
in a bending beam fatigue test, a phase lag is observed between the load and
measured deflection. If the load is plotted against the deflection, a hysteresis
loop is obtained (see Figure 3.11). The area of the loop can be calculated and
if the load/deflection relationship is expressed as stress/strain, the dissipated

energy per loading cycle is obtained as follows:-

w, = T 0; g, sin ¢, (3.5)
where;
w; = dissipated energy in cycle i
g; = stress amplitude in cycle i
E; = strain amplitude in cycle i
o, = phase lag in cycle 7

If non-sinusoidal loading is applied, then the area within the loop can be

calculated by numerical integration.

The dissipation of energy is largely associated with viscous flow of the binder
which dissipates the energy as heat. The dissipation of energy, more
importantly, also relates to the formation of micro-cracks/crack surfaces (Little,

1995).
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Figure 3.11 : Hysteresis Loop Obtained from Plotting Load versus
Deflection
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The amount of energy dissipated per loading cycle changes throughout a
fatigue test. In a controlled stress test, the dissipated energy per loading cycle
increases whereas in a controlled strain test it decreases, as illustrated in Figure
3.12. This is consistent with the reduction in the stiffness of the specimen and

the change in dimensions of the hysteresis loop.

The earliest work using dissipated energy with asphaltic materials was reported
by Chomton and Valayer (1972) and van Dijk et al. (1972). Chomton and
Valayer (1972) presented a relationship in terms of "cumulative dissipated

energy" versus number of loading cycles, as follows':-

W=AN* (3.6)

The cumulative dissipated energy is calculated by summing the dissipated

energy throughout a fatigue test, as follows:-
i=N
W== Y oe,sin ¢ (3.7)
i=0 .

Chomton and Valayer presented the results for three materials (two wearing
courses and one base course) and suggested that the parameters 4 and z could

be "independent of the mix formulation".

Chomton and Valayer used the terms absorbed energy, E, and &k in
place of W and A, and they gave a value for z of 0.66. However, subsequently
W (cumulative dissipated energy), A and z have become the norm in the
literature for the expression of the relationship and to avoid confusion they are

used throughout this thesis.
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Van Dijk et al. (1972) reported results in a similar form to Equation 3.6 with
an exponent of 0.625 but no allowance was made for change of stiffness and
phase angle in these calculations. In addition, they observed that the
percentage retained bending strength of an asphaltic specimen was related to

the total energy dissipated, as shown in Figure 3.13.

Van Dyk (1975) and van Dijk et al. (1977) reported further work which
demonstrated several important aspects. It was clear that a single relationship
could not be used for all materials (see Table 3.1 for mix details used), Figure
3.14. In addition, a ratio, Equation 3.8, was developed which takes values

which are related to the mixture stiffness.

W initiat
= __initial (3.8)
v W
where;
Weiia = T x N x 0y x € x sin ¢, (3.9

This ratio was found to be above unity for controlled strain tests and below
unity for controlled stress tests (see Figure 3.15). This is a result of decreasing
dissipated energy per cycle in a controlled strain test compared to increasing
dissipated energy per cycle in a controlled stress test. It can be seen from
Figure 3.15 that as the materials get stiffer, the ratio tends to approach unity.
This is probably related to the increasing rate of crack growth that occurs with
stiffer materials. Clearly, ¥ is a function of the mode of testing and the

mixture stiffness.
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Figure 3.13 : Percentage Retained Bending Strength versus Total
Dissipated Energy for Constant Stress and Strain Tests
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Figure 3.14 : The Cumulative Dissipated Energy versus
Fatigue Life for a Series of Mixtures
(Vb = 4.9 to 19.3% and VMA = 11.9 to 38.1%, see Table 3.1)
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3.7 PREDICTION OF FATIGUE CRACKING

Fatigue life prediction can be considered in two distinct steps; 1) the prediction
of the fatigue life of a laboratory specimen, and ii) the prediction of pavement

performance.

The prediction of fatigue life of laboratory specimens is less complicated than
the prediction of life in a road pavement because a single loading scheme is
often used with one temperature and generally with no rest periods’. Several
methods for fatigue life prediction have been developed and these are

discussed below.

The Dissipated Energy Method - a simplified method developed by Van
Dijk et al. (1977). They gave constant values (the mean obtained from
experiments) to the parameters ¥, Z and A of 1.22, 0.66 and 4.0 x 10* J/m’®
respectively. The y factor of 1.22 resulted in the prediction method being
more appropriate for controlled strain tests. This gave a relationship between
the permissable tensile strain, mixture stiffness, phase lag and the fatigue life

as follows:-

N

s = [M} o (3.10)

€, S, sin &

The Nottingham Method - developed by Cooper (1976), relies upon a linear

! Rest periods occur when a time interval exist between the load

applications.
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relationship between the slope of the fatigue line and the log of the intercept,

as follows:

m=a-blogc (3.11)

This form of relationship results in a focus point for the fatigue lines which
was obtained as N = 4 x 10’ and ¢ = 6.3 x 10® A relationship between the
life at 100 pée using the Ring and Ball Softening Point and Volume of Binder

(V) was developed as follows:

" (3.12)
log N (€=10™) = 4.13 log ¥, + 6.95 log SP;, - 11.13

By combination of the two above equations, a relationship can be deduced to
predict the life in a controlled stress test. The method is also available in the

form of a nomograph, Figure 3.16.

log N, = 159125 log €, + 52.52 - ( 5.1625 log e,

(3.13)
+ 16.52 ) log V,- ( 8.6875 log €, + 27.8 ) log SP;

The results used to develop this method were obtained from controlled stress

rotating cantilever fatigue tests.

The Belgium Method - developed by Francken et al. (1987) uses a
temperature susceptibility parameter A which is closely related to the
asphaltene content of the material. They defined the fatigue hife (based upon
analysis of controlled stress test results) using the form of relationship in

Equation 3.14.
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1
e = K . N (-a) or N. = _5 (;)
Jat Jat [ K
where;
Vs v,
K =G x xexp| - 5 x
( V, +V, ) 100
where for A < 043
G=1753.10"*

and for A > 043

G =0874 A% -086A +0216

(.14

(3.15)

(3.16)

(3.17)

The temperature susceptibility parameter A is related to the asphaltene content

as discussed earlier (see Figure 3.9).

The Bonnaure Method - was developed from the statistical analysis of data

from several research institutions (Bonnaure et al., 1980). Fatigue strength can

be predicted from the volumetric composition of the mixture and the mixture

stiffness for either controlled stress or controlled strain test conditions.

A

nomograph has also been developed which is shown in Figure 3.17, or

alternatively, the fatigue life can be calculated from the following equations:-

For controlled strain conditions [with S, in Paj:-
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N, = [( 4102 x PI) - (0205 x PI x V)

(3.18)
+ {1094 x V,) - 2707 ] x S, %% x N™92
For controlled stress conditions [with S, in Pa]:-
N, =1(0300 x PI') - (0.015 x PI x V) (3.19)
- 0198 ] x §,, %8 x N 02
where;
PI = binder Penetration Index
1A = volume of binder in mixture
N = number of load applications
S, = mixture stiffness

The Asphalt Institute Method (1982) - involves the stiffness modulus of the

mixture along with an adjustment for the volumetrics of the mixture, as

follows:-
Ny, = 184 x C[ 432 x 107 x ¢, 3% x E* %] (3.20)
where;
N = number of 80 kN ESAL's
£, = tensile strain in asphalt layer
E* = complex stiffness modulus
C = a function of voids and binder volume, defined as follows:-

C = 10M (3.21)
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and

v,
M=484| —2 _ - 069 (3.22)
Va + b
where;
V = volume of air voids

The above equations have been adjusted to allow for the differences that occur
between field and laboratory specimens and predict a life associated with 20%

or greater cracking based upon analysis of the AASHO road test data.

A NCHRP - study resulted in an equation to predict fatigue that relied only
on the mixture stiffness and the tensile strain (Finn et al., 1977). The equation

for predicting the life of a laboratory specimen is as follows:-

N, = 660.7 x 10° x pe, x E* 085

where;
N = number of 80 kN ESAL's
pg, = tensile microstrain in asphalt layer
E* = complex stiffness modulus

This is a special case of the Asphalt Institute equation where the volume of
binder and air voids are set to values consistent with standard asphaltic

concrete paving mixtures.

SHRP A-003A (Deacon et al., 1994) - project developed a relationship which
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used the loss stiffness modulus. This parameter is directly related to the

energy dissipated in an asphaltic mixture. The relationship developed (with an

r* of 0.79) is as follows:-

where;

The predicted fatigue life (V,

N,

S0 14

VFB

uply = 2.738 x 10° x ¢©977 x VFB) 60'3'624 X So” 2720 (3.24)

the number of load repetitions to a 50% reduction in
stiffness.

base of the natural logarithm.

flexural strain.

the initial flexural loss stiffness modulus estimated from
shear testing (psi).

voids in the mineral aggregate filled with binder

[Vy/(V Vil

o) 1S cOMpared, in a probabilistic manner, to the

fatigue life required. Thus for a mix to be satisfactory:-

where;

Nooy 2 M - Ny (3.25)

a multiplier whose value depends on the design
reliability and on the variabilities of the estimates of
N oy 04 Ny

design ESAL's (equivalent single axle loads) adjusted to
a constant temperature of 20°C divided by an

empirically determined shift factor which takes a value
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of 10 and 14 for 10% and 45% cracking allowed in the

wheel paths respectively.

The reliability multiplier is estimated from the following:-

In M) = Z [ Var{ln(N,,,, )} + Var{ln®V,, )i  (3.26)

where;
Z, = a function of the reliability level which assumes values
of 0.253, 0.841, 1.280 and 1.640 for reliability levels of
60, 80, 90 and 95 percent.
Var{im(N,,,,.)} = the variance of the natural logarithm of
Nty
Var{ln(N,,,...0} = the variance of the natural logarithm of
N demand’

38 FRACTURE MECHANICS

The basic concepts of fracture mechanics as introduced by Griffith (1921) in
the 1920's provide an alternate approach to define the fatigue properties of
asphaltic mixtures using fracture mechanics. The classical approach for linear

elastic matenals is to define the rate of crack growth in the material as a
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function of a stress intensity parameter K'. As the crack grows, the intensity
of stress at the crack tip increases until a stage is reached where rapid unstable
crack growth and the critical condition of K, occurs. The relationship
between crack growth and the parameter K is defined by the Paris Erdogan

equation (Paris et al., 1963), as follows:-

dc
e = A (AK)" (3.27)
where;
dc/dN = rate of crack growth
c = crack length
N = number of load applications
A, n = material constants

]
I

stress intensity factor

The use of fracture mechanics principles with asphaltic material was introduced
by Majidzadeh et al., (1971) who concluded that the general form of Paris'
crack growth law was applicable to asphalt mixtures. For stiff foundations, the

exponent "n" was found to be equal to 4 and was independent of mixture

"This parameter allows the calculation of stress at the crack tip for linear
elastic materials. Although this parameter is often used for asphaltic materials,
the assumption of linear elastic behaviour is not valid except for very cold
temperatures and small strains. For non-linear materials exhibiting viscous and
plastic properties, alternate approaches are available which make use of
analogous parameters termed the J integral and C* (Sadananda et al., 1980 and

Jeng et al., 1990).
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variables, whereas the parameter "A4" was affected by mixture variables such

as binder content, binder grade and mixture density.

Later work (Majidzadeh et al., 1976; Majidzadeh, Dat and Madisi-Ilyas 1976;
and Majidzadeh et al., 1977) indicated that the relationship proposed by Paris
et al, (1963) was not sufficient and more terms were required to describe the

data, as follows:

g_;, - ALK, + A,K? + A K* + A K (3.28)

It was further concluded that, if the Paris Erdogan equation was used, the

exponent "n" would lie between 2 and 8 depending upon the type of loading,

whereas "A4" could be estimated, as follows:

A (x10% = 0.231 + 2,613 10(; %l . [3?3":’);5’0 (3:29)
where;
G, = tensile strength (stress rate equals 1200 psi/second).
o= complex stiffness modulus (psi) (10 Hz)
K., = fracture toughness (Ibs/in'~ ) (stress rate 1200 psi/second)

Since the exponent "n" was effected by loading, Majidzadeh presented a
further crack growth law which had two terms with constant exponents of 2

and 4, as follows:
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dc

- A.K? + A,K* (3.30)
where;
1000 o,]2 K. |
A(x 10" = 7.02 + 779 | - 6.09 x 1 } (3.31)
E* 1000
and

1000 o, |° k.|’
A, (x 10') = 31.36 - 11324 % _mm __IC__] (3.32)
E* 1000

The above equations could be used to cover all loading conditions, but it
should be noted that the form of the equation is different from the Paris
Erdogan equation. Paris et al., (1963) had based their results on elastic
materials. However, asphaltic materials contain a significant viscous
contribution to their behaviour. This can be considered by using the analysis
conducted by Schapery (1973). He developed an equation which has the same

form as the Paris Erdogan equation, as follows:

- AK" (3.33)

28

where;

-3.41-



1

, At
A=-_T _[Sl_ﬂ}%,fw(tf[‘?]d, (334)
0

6o I’ or

FA = a factor dependent upon: the stress conditions at the

crack tip, the failure stress and length of failure zone

D, = Compliance at t=1 second

n = Poisson's ratio

r = energy required to produce a unit area of crack surface
wt) = the pulse shape of the stress intensity factor

m = the slope of the tensile creep compliance curve.

g, = maximum tensile strength

The parameter 4 in Schapery's equation is dependent upon the temperature and
load level (unlike the 4 is Majidzadeh's equation) since as stress level and

temperature increase, then the slope of the creep compliance curve will change.

Molenaar (1983) conducted an analysis of various specimen geometrics and
conducted tests to develop a procedure for the estimation of A4 from routine

test methods, as follows:-

log A = 4.389 - 2.52 log (E o, n) (3.35)
where; E = mixture stiffness modulus (kPa)
G = tensile strength (kPa)
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Experiments conducted by Lytton et al., (1983) led to the Equation 3.44, where

A 1s expressed as a function of n.

log A = -n + 0.69 3.36
o8 0511 (3:36)
and
n =08 (1 - l) (3.37)
m

In Lytton's work, 4 is directly related to », whereas Molenaar introduced the
stiffness modulus and tensile strength. These parameters act as surrogates for
fracture energy and the shape of stress intensity factor. However, Molenaar
(1983) reports a correlation coefficient of 0.96, which he concluded predicts

the A4 value with reasonable accuracy.

Lytton et al,, (1993) extended his analysis to incorporate field effects to

produce the relationships:

log A =4389 - 252 log (K. o .n) (3.38)

where, K = coefficient determined through field calibration (10,000)

¢ = tensile strength (psi)

This relationship is used in the SHRP SuperPave™ (Lytton et al., 1993)

software to describe the fatigue crack growth.
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3.9 REST PERIODS AND HEALING

In road pavements, a period of time occurs between the applications of stress
by vehicular traffic. This rest period can be very long (eg. that between
vehicles spaced out on a highway) or relatively short (eg. between successive

wheels on a vehicle).

Two different types of studies have been performed by researchers in this
subject area; 1) Experiments which have a rest period between individual load
applications, and i1) Experiments where a series of load pulses are applied
followed by a period of rest. These experiments have been termed as those
with "intermittent loading" and those with "storage periods" (Bonnaure et al.,

1982).

McElvaney and Pell, (1973) conducted tests with storage periods and found
that storage periods increased the fatigue life, however, no limit on the

increase in performance was found.

Raithby et al., (1970) used a uniaxial mode of testing with intermittent loading
and conducted tests in the temperature range 10 to 40°C at a frequency of 25
Hz. He demonstrated that the increase in fatigue life due to intermittent

loading was related to the length of the rest period and the temperature.

Francken (1979) and Verstraeten et al., (1982) expresses the life increase due

to intermittent loading (see Figure 3.18) using a relationship as follows:-
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Figure 3.18 : The Effect of Rest Periods on Fatigue Life (after
Francken, 1979)
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MG) =1+C () (3:39)
where;

Jj = rest period/loading period

Rest periods were varied between 1 and 20 times the loading period for three
mixture types. The increase in fatigue life appeared to be highly dependent
upon mixture composition, particulary the binder content (Figure 3.19). Lytton

et al. (1993) adopted a similar shift factor for healing, as in Equation 3.40.

SF,=1+a(t)? (3.40)

where;
t, = the rest period, commonly recorded in seconds

r

a, b = the healing coefficient and exponent, respectively

The coefficients and exponent have been calibrated to the field for both back-
calculated layer moduli (obtained from the analysis of pavement deflection
data) and also from the analysis of laboratory testing. Lytton et al. (1993)
noted the similarity in the results and considered that this supported their
validity. The results are presented in Table 3.2 for the four climatic zones

considered in Superpave.

3.10 CUMULATIVE LOADING

Unlike loading in fatigue tests, the traffic loads applied to a pavement structure
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Figure 3.19 : Influence of Rest Periods on Fatigue Life for Three
Different Mixtures (after Francken et al., 1987)
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Climatic Zone From Pavement From Laboratory
Deflection Data Test Data
a b a b
Wet - Freeze 0.037 0.261 0.037 0.261
Wet - No Freeze 0.097 0.843 0.128 1.075
Dry - Freeze 0.056 0.642 0.071 0.762
Dry - No Freeze 0.051 0.466 0.057 0.492

Table 3.2 : Healing Parameters "a" and "b" Used in Superpave

(see Equation 3.40)
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vary in magnitude. The approach used to consider compound loading which
is generally applied to with asphaltic materials is that developed by Miner
(1954). Work conducted by Monismith and Deacon (1969) and McElvaney
(1972) showed that this approach, known as "Miner's Law" or "Linear
Summation of Cycle Ratio's Criterion," is applicable to asphaltic materials

subjected to compound loading. The relationship at failure is expressed as

follows:-
2]: %o (3.41)
i=1 "

where;

n; = the number of load applications at a level i

N, = the number of load applications at a level i that will

result in fracture
Jj = number of load levels

The amount of damage at a single load level is calculated as follows:-

n.
D= 3.42
N (3.42)

[}
Thus, a compound load fatigue life can be predicted by considering the
proportion of loading at a given load level required to give failure at that load

level and summing these to obtain the number of load applications associated

with compound loading, N, as follows:-
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100

N, = —
J P, (3.43)
x ()
where;
P, = percentage of load condition i

Hopman et al., (1989) evaluated Miner's Law with consideration of dissipated

energy and suggested a modified damage rule, as follows:-

n 1*
p-|2 (3.44)
N,
where;
x = an exponent obtained from laboratory test data

He suggested mean values of x ranging between 0.82 and 0.92 from results
obtained from four point bending tests to a point which he considered was
consistent with crack initiation. Hopman et al. (1989) also suggested two other
fatigue stages. In the second stage the "hair cracks are growing and a network
of cracks are formed" whereas the third stage was considered to occur as "the
material is assumed to break down". In these stages x varies between 0.04 and

0.28 (2nd stage) and takes the value of 1 for the third stage.

3.11 PAVEMENT DESIGN ADJUSTMENTS

Historically, the results from laboratory fatigue testing have been found to be
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significantly different from pavement performance. This has necessitated the
use of "shift factors". These "shift factors", which have been used to account
for healing, crack propagation, differences in stress states and lateral wheel
distnibution, differ between researchers. Generally, the factors have been
developed for a particular method of pavement design and caution 1s necessary
when applying one researcher's factors to a different method of testing and/or
pavement design. For example, Brown et al. (1985) adopted total shift factors
of 77 and 440 for critical and failure conditions. The 77 factor includes x3.5
for crack propagation, x20 for rest periods and x1.1 for lateral wheel
distribution whereas the 440 factor includes x20 for crack propagation, x20 for
rest periods and x1.1 for lateral wheel distribution. Critical is defined as the
"first appearance of wheel path cracking" and failure is taken "to represent the
fully cracked state". These factors are used in conjunction with a characteristic
design temperature which considerers the variation of asphalt stiffness with
temperature during the day at different depths weighted according to the
percentage of traffic at the time. The consideration of different climates would
result in the use of different traffic weighted design temperatures and other

shift factors more appropriate to the climatic conditions.

3.12 SUMMARY

The fatigue process in asphaltic materials is extremely complicated and needs
consideration of many aspects as discussed. Early work points to the
importance of strain and stiffness. Later in the 1970's work with the dissipated

energy approach demonstrated the potential to overcome the differences found
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between different test types (eg. controlled strain versus controlled stress).

Dissipated energy involves two additional parameters (stress and phase lag).
The dissipated energy approach captures the visco-elastic material property

effects such as rate and time of loading as well as temperature.

The effect of mixture variables, particulary the volumetric proportions, have

been shown to be important. Consequently, careful attention has to be paid to

accurate measurement and quantification of mixture constituents.

The work presented in the following chapters expand upon those concepts

presented above, particulary in section 3.6, with regard to dissipated energy.
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CHAPTER 4

Experimental

40 INTRODUCTION

The experimental work consisted of several test programmes with distinct

objectives as follows:

1. Test Development : In this programme two fatigue test procedures,
uniaxial tension-compression and trapezoidal cantilever beam were evaluated
as possible candidate test methods for a fundamental test procedure. This work
formed part of the Umiversity of California's evaluation of different test
methods in which they made use of a bending beam fatigue test and North
Carolina State University contributed results obtained from the Indirect Tensile
Fatigue Test. The statistical comparison of the test methods was undertaken
by the University of California and is reported in the literature (Tayabli et al.,
1992). The work reported in this thesis is concerned with the development of
the two test methods for performing fatigue tests and the modification to

software and the analysis of the test results in terms of dissipated energy.

2. Assessment of Modified Binders : Several modifiers were evaluated
using the trapezoidal cantilever beam fatigue test. This piece of work was

conducted in order to extend the testing described above to modifiers.
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3. Wheel Tracking Validation : These experiments were performed in
order to relate the element tests to results from a pilot scale facility which
simulates traffic loading more realistically. This part of the testing is also used
to assist with determination of "shift factors" between laboratory measured

fatigue life and pavement performance.

4, Assessment of Simplified Test Procedures : The indirect tensile test
procedure was used to determine the stiffness modulus and the strength of a
limited number of the materials tested. In addition some work was performed
with a repeated load axial test and frequency sweep data to obtain mixture
rheology which could be combined with analysis techniques to obtain fatigue
life estimation. These procedures are considered useful for application in
specifications if a correlation could be established with the more fundamental
tests, since these methods are considered simpler in their execution compared

with beam fatigue tests.

The results from the various test programmes were used in the analysis work
that was performed. The analysis consisted of two principle parts; 1)
assessment of fatigue test results and 2) comparison to pavement performance.
The latter part made use of various modelling techniques including Finite

Element analysis.

In order to accomplish the above test programmes, experimental work was

conducted as described in the following sections.
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4.1 FATIGUE ELEMENT TESTS

The experimental work to evaluate the test methods, uniaxial tension-
compression and trapezoidal, consisted of a one half factorial experimental
design. The experimental design varied the binder content, binder type,

temperature, void content, and aggregate type.

The two binders selected for the work were from the Boscan (SHRP ref. AAK)
and California Valley (SHRP ref. AAG) sources and are indicated in the
mixture code by the letter "B" and "V" respectively. These binders were
selected to represent different temperature susceptibility. In terms of the
Penetration Index (PI) the California Valley is around -0.5 whereas the Boscan

is about 0. Empirical test data for these binders is presented in Table 4.1.

The two aggregates selected, Watsonville (SHRP ref RB) and Texas Chert
(SHRP ref RL) represented two extremes, a "good quality” granite and a "low
quality” river gravel. The choice of the two aggregates for this test program
was effected by the needs of the A-003A research program. This involved
evaluation of five distress types; permanent deformation, fatigue damage,
ageing, stripping (loss of binder adhesion to the aggregate) and thermal
cracking. While the mineral nature of the aggregate is known to have little
effect on fatigue and thermal cracking performance, the two aggregates
selected for this work represent the extremes for all distresses. The granite has
crushed faces and is regarded as a high quality aggregate whereas the river

gravel has rounded particles (which increases the deformation susceptibility)
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Binder | Treatment |[Penetration | Absolute | Kinematic | Softening
Ref. at 25°C Viscosity | Viscosity Point
(0.1 mm) 60°C 135°C (ASTM)
(poise) (cSt) °C)
AAG-1 Tank 53 1,950 246 50
TFOT 34 3,490 - 52
PAV 18 8,140 -- 56
AAK-1 Tank 70 3,320 582 49
TFOT 41 10,240 -- 58
PAV 27 27,300 - 63

Table 4.1 : Empirical Properties of SHRP AAG and AAK Grades.
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and exhibits poor adhesion qualities. These were referred to in the mixture

code by the letters "W" and "T" respectively.

The binder contents selected represented the Hveem and Marshall optimums.
The Marshall optimum was approximately one half of one percent higher than
the Hveem design. The high and low conditions were referred to by "0" or "1"
as the second digit of the mixture reference. In addition, the volumetrics of
the mixtures were varied by changing the compaction level to achieve void

contents of approximately 4 and 8%.

The experimental design for the one half factorial is shown in Table 4.2. The
initial plan called for controlled stress testing using both test types to be
conducted according to the design. However, as the work proceeded it became
apparent that the uniaxial mode of testing was resulting in failures close to the
loading platens (this aspect is discussed under test procedures). Consequently,
this mode of testing was abandoned and in place a limited amount of fatigue
testing was conducted in the controlled strain mode using the trapezoidal
cantilever fatigue test in addition to the planned controlled stress testing. This
consisted of testing sixteen specimens all with the Watsonville granite with the
Marshall design binder content and both temperatures and void contents.
These are indicated by the italic type/shaded blocks in Table 4.2. Additional
testing was used to investigate other aspects but the specimens were referred
to by the SHRP mixture code where possible. This additional work involved
testing at 30°C in order to extend the data set to include higher temperatures,

evaluation of modified materials and testing of specimens from the LCPC test

-4.5-



T A T B C D E ¥
0o T o 0 0 0 0 |
i o 0 0 0 0 1
1 0 0 0 1 0
[ 1 0 0 0 1 1
1 1 0 0 0 0
0 0 1

| = O OO OO O
OO === —=|O|Oo| Ol
OO OI=O]=|O

O OO O] i | ] i | b |t

OIC|O|O| === =]|OlO

ket O O i et [ O] O i | e

L1 1 1 1 0 1

Notes:

A = Aggregate Stripping Potential, (0 = RB, 1 =RL)

B = Asphalt Temperature Susceptibility, (0 = AAK, 1 - AAG)

C = Asphalt Content,, (0 = Hveem, 1 = Marshall)

D = Compaction Level, 0 = Target 4% Voids, 1 = Target 8% Voids)
E = Temperature, (0 = 0°C, 1 = 20°C)

For Controlled Stress Tests
F = Stress, (0 = Low, 1 = High)

For Controlled Strain Tests

F = Strain, (0 = Low, 1 = High)

Italic numbers/shaded blocks indicate cells used for controlled strain
experiment.

Table 4.2 : Experimental Design for Test Development
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track at Nantes.

The experimental work with modifiers made use of a different aggregate source
and binder grades. The source of the aggregate was Mesquite, Nevada
whereas the binder used was from the Shell Martinez source (a California
Valley Crude) and consisted of either an AR1000 or AR4000 grade' and these
were used with modifiers to make a total of nine different binders, (seven
modified with two controls) used with a standard asphaltic concrete mixture.
The modifiers used were; Styrene-Butadiene Rubber (SBR), Styrene-Butadiene-
Styrene copolymer (SBS); Styrene-Ethylene-Butadiene-Styrene copolymer
(SEBS) and an Ethylene Vinyl Acetate copolymer (EVA). These were used
in different percentages as indicated in Table 4.3. Since the binders were
supplied by Shell they are referred to by a "S" followed by one or two
characters. The first character a "1" or "4" indicates the AR1000 or AR4000
grade respectively. These modified binders have a further alphabetic character

to refer to the polymer as indicated in Table 4.3.

The testing of materials from LCPC was initially conducted to allow the
University of California to compare the different test methods under evaluation.

However, it also provided the scope for including more modifiers and

' The AR binder grading system is a method adopted by some US states,

mainly those in the west. The system used Asphalt Recovered after rolling
-thin film ageing, hence AR. The word "asphalt” is used in the USA in
place of "bitumen”. The final four numbers refer to the viscosity of the
binder at 60°C (140°F).
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Mixture Ref. Description
S1 AR1000
S4 AR4000
S1A AR1000 + 3% SBS
SiB AR1000 + 1.7 % SBS’
S1C AR1000 + 2% SBS'
S1D AR1000 + 3% SEBS'
S1F . AR1000 + 2.5 % SBR!
S1G AR1000 + 3% SBR
S1H AR1000 + 3% EVA
Notes:
1. All mixtures binders were from the Martinez crude.
2. Aggregate source was from Mesquite, Nevada.

Table 4.3 : Reference System used with Modified Binders
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aggregate types in the test programme. The geometry adopted from this testing
was that used by LCPC since this enabled LCPC to manufacture specimens
using their normal procedures. The mixture references used are given in Table

4.4 along with other information relating to each mixture.

4.2  WHEEL TRACKING VALIDATION

The wheel tracking validation work was conducted in order to provide an
accelerated validation of the fatigue tests investigated. In order to accomplish
this, two test programmes were considered involving tests with modified and
conventional materials. The testing was carried out in the Nottingham Slab
Testing Facility (STF) which loads a slab of material in a manner which
simulates traffic loading more realistically. The experimental plan for this

work is given in Table 4.5.

The aggregates selected for the work were the Watsonville granite (SHRP ref
RB) and a low absorbtion limestone (SHRP ref RD). The binder grade was
varied with six unmodified and three modified binders being evaluated in the
test programme. The composition of the modified binders was not known so

they were given an arbitrary reference as illustrated in Figure 4.1.

43 SIMPLIFIED TEST PROCEDURES

The highway industry has traditionally tested cylindrical specimens, for

example Marshall specimens or cores, to obtain properties for mixture design
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Mixture Ref. Binder Binder Pen Air Voids LCPC
Content Grade (%) Section
(%) (mm x 107)
1675 5.4 60/70 (asphalt A) 43 I
1676 4.6 60/70 (asphalt A) 43 v
1685 5.4 60/70 (asphalt B) 3.5 I
1695 6.2 10/20 1.8% 11}
Notes:
1. Mixture 1695 is referred to as a high modulus mixture.

2. Asphalt B is more "structured” than asphalt A.

3. Asphalt B is less temperature susceptible that asphalt A.

4, Each section had a different construction thickness.

5. The aggregate was a hard igneous rock.

Table 4.4 : Mixtures evaluated from the LCPC Test Track
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Binder/Modified Binder Reference

geregale

M415G

Notes:

"3" number in bold indicate A-004 test matrix

"I" number in italic indicate A-003A test matrix
Binder references beginning with the letter M indicate
the use of a modifier

Modifier codes used by the SHRP A-001 contractor are:-

1 M405 G M-MF-002-001
iL. M415 G M-MF-001-002
11 M 416 G M-TH-003-001

Table 4.5 : Wheel Tracking Simulative Testing Test Matrix
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Typical code M414K « indicates non-modified
4 binder
indicates indicates modifier
modified reference number
binder
indicates contract A004

Figure 4.1 : Reference System for Modified Binders
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or compliance testing. Thus, there is considerable interest to make use of this
geometry and to avoid the preparation time and expenses of diamond sawing
beams as required by the Trapezoidal Cantilever Beam fatigue test.
Consequently, two different types of tests were investigated, an Indirect Tensile
Test to determine stiffness modulus and Tensile strength. Tests were
conducted on specimens removed from Trapezoidal beams and wheel tracking
slabs at the end of the testing. It was assumed that these specimens were
undamaged when tested and that they could provide a comparison with the test

data generated from the more fundamental test procedure.

44 SPECIMEN PRODUCTION

The Uniaxial Tension-Compression test utilised cylindrical specimens of
asphalt-aggregate mixture measuring 82 mm diameter by 220 mm long. These
were made by coring slabs (measuring 404 mm x 280 mm x 127 mm) of
mixture which had been made in the Nottingham Roller Compactor. These
specimens used Watsonville granite aggregate (reference RB) and the

California Valley and Boscan binders (references AAK and AAG).

Trapezoidal Fatigue test specimens were manufactured in a similar manner
but instead of coring, the slabs were sliced using two specially designed jigs
in order to achieve trapezoidal shaped specimens. The binders, modified
asphalts, and aggregates used in the mixtures were supplied either from the
SHRP Materials Reference Library (MRL) or by Shell Development Company

of Houston, Texas.
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The STF Fatigue Wheel Tracking test utilised rectangular shaped slabs
measuring 1000 mm x 500 mm x 50 mm. The specimens were made by
compacting slabs of mixture in a steel mould using a single drum vibrating
roller. The aggregates and binders used in these tests are indicated in Table
45. The work involved two combined test programs, an evaluation of
mixtures with conventional binders (SHRP project ref A-003A) and an
evaluation of mixtures with modified binders. The nature of the binder
modifiers was not made available and the references used (see Table 4.5) were

those dictated by the A-001 and A-004 contractors (see Table 1.1).
44.1 Mixing

Prior to use, all the aggregate was screened into individual size fractions, and
batches were then reconstituted in accordance with pre-determined grading and
asphalt contents. The grading and asphalt contents used for the mixtures are
given in Table 4.6 and are illustrated in Figure 4.2 (also included for

information is the grading of the mixture in the specimens supplied by LCPC).

Mixing followed similar procedures to that contained in the Asphalt Institute
(TAI) MS-2 Manual (The Asphalt Institute, 1984). This defines mixing
temperature as being equivalent to 170 +/- 20 centistokes (approximately 1.6
poises) based upon the unaged asphalt properties, see Table 4.7. In the case
of modified asphalt the same temperature was used as for the unmodified
asphalt of the same grade. Viscosity versus temperature information was not

available which would have enabled assessment of equi-viscous mixing
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Sieve Size Aggregate
(USA) [(Metric) [RB used [RL, RB used [Mesquite |[LCPC
for for uniaxial {(Nevada) |specimens
Fatigue |and Aggregate |prepared in
Wheel |Trapezoidal |used for Nantes
Tracking [Fatigue Trapezoidal
Testing and [|Fatigue
RD used for |[Testing
Fatigue |{(Supplied by
Wheel Shell
Tracking JDevelopment
Co.)
" 25 mm 100 100 100 100
3/4" 19 mm 95 95 99.4 -
- 14 mm - - - 99
1/2" 12 mm 81 80 - -
- 10 mm - - - 76
3/8" | 9.8 mm 69 68 73.6 -
- 6.3 mm - - - 55
No. 4 [4.76 mm 49 48 543 -
- 4 mm - - - 44
No. 8 {2.36 mm 35 35 - -
No. 10 | 2 mm - - 38 33
No. 16 |[1.18 mm 24 25 - -
1 mm - - - 23
No. 30 { 600 um 17 17 - -
No. 40 | 425 pm - - 21 -
- 315 pym - - - 13
No. 50 | 300 um 12 12 - -
No. 100} 150 um 8 8 - -
- 80 um - - - 7.4
No. 200| 75 ym 5.5 55 5 -
Binder Content by See Table 4.4
|| weight of mixture 5.1 431 45
L
Table 4.6 : Asphalt Contents and Aggregate Gradings
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RB Aggregate used for Fatigue Wheel Tracking
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Figure 4.2 : Grading Curves for Mixtures used in Test Program
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Asphalt Mixing Compaction
Temperature Temperatures
O ‘O
AAA-1 151 140
AAC-1 147 135
AAF-1 149 138
AAG-1 142 133
AAK-1 159.5 148.5
AAM-1 167 | 155

Table 4.7 : Target Compaction and Mixing Temperatures
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temperatures. The detailed mixing procedure was as follows:-

1) The required batch weights were prepared and heated in a
thermostatically controlled oven to the mixing temperature +/~ 5°C. This

involved heating the aggregate for about three hours.

ii) Asphalt/modified asphalt was heated at the same time as the aggregate
in air jacketed containers to a temperature within +/- 5°C of the target mixing

temperature.

11  The aggregate was then placed in a Sun and Plant type mixer, Figure
43. A heated oil jacket around the mixing pan enabled the correct mixing
temperature to be maintained. A small hollow was then formed in the centre
to receive the asphalt/modified asphalt, which was weighed into the mixture
in accordance with the required batch weights, after which the mixing

commenced.

iv)  The asphalt/modified asphalt-aggregate mixture was mixed for 180
seconds, after which the mixture was transferred to metal trays, which were

then placed in ovens at 60°C for a fifteen hour conditioning period.
4.4.2 Compaction

The ability of a material to be compacted under a rolling wheel load is

sensitive to the consistency of the asphalt at the time of compaction. It was
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Figure4.1: Sun and Planet Mixer
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found that the desired level of compaction could be achieved by using a
temperature consistent with a viscosity in the unaged binder equivalent to 280

+/- 30 centistokes (approximately 2.65 poises), see Table 4.7

As indicated earlier for the Uniaxial Tension-Compression and Trapezoidal
Fatigue test slabs were manufactured in moulds measuring 404 mm in length,

280 mm wide and 127 mm high. The detailed procedure is given below:

a) Ten trays of mixed material were placed in two layers through five
guide slots, Figure 4.4, (two trays per slot) to obtain equal amounts of material
in each segment of the mould. After the fifth tray was placed, the gui