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ABSTRACT
CHARACTERISTICS OF ASPHALT PAVING MIXTURES

UNDER CYCLIC LOAD USING FLEXURAL TESTS

BY

KISE LEE

Increasing heavy wheel 1loads and truck traffic on
flexible highway and airport pavements has necessitated more
rational design approaches. Recently, significant progress
has been made to develop new pavement structural design
models (e.g. elastic and viscoelastic, and finite element
models) . This gave rise to the problem of material
characterization under simulated field loading conditions.
Moreover, attempts to directly relate mix design variables
to the structural properties of the materials are limited or
non-existence. Consequently, the need for quantifying
relationships between the structural properties of compacted
asphalt mixes and mix design parameters was realized.

In this study, it was hypothesized that relationships
between the structural properties of the asphalt mixes and
the asphalt mix design parameters can be found using
statistical analyses. To verify the hypothesis, 1laboratory
flexural cyclic 1load tests were designed and conducted to

evaluate the structural properties of the mix, and the
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standard Marshall mix design procedures were employed to
obtain the mix design parameters. Based upon physical
interpretation of the test results, statistical
relationships between the structural properties of asphalt
mixes and their mix design parameters were examined. These
relationships are presented and discussed in this

dissertation.
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= percent air voids.

= average

= bulk.

= permanent deformation of LVDTi.

= cumulative plastic deformation of a point on the
surface of the beam located at distance x from
the edge of the loaded area.

= compactor foot pressure (psi).

= cyclic loads (pounds).

= the rate of change of the cumulative plastic

deformation with respect to N.

Co, Cl, cz, and c3 = coefficients.

E

e
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e

EXP
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= total modulus (psi).
= total strain.

= elastic strain.

= viscoelastic strain.
= plastic strain.

= exponential function.
= flow (1/100").

= the bulk specific gravity of the beam specimen.
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X2

the maximum theoretical specific gravity of the mix.
gradation of aggregate.

specific gravity.

intercepts of equation 5.1.

kinematic viscosity of the asphalt binders
(centistokes).

natural logarithm.

logarithm to base 10.

linear variable differential transducer.
resilient modulus (psi).

number of load applications.

number of load applications to fatigue failure.
number of tamping.

coefficient of determination.

marshall stability (pounds).

standard error of the estimate.

coefficients of equation 5.1.

saturated surface dry.

marshall stability.

the target percent air voids.

the target percent asphalt content.

percent voids in mineral aggregates.

weight of asphalt mixes (grams).

lateral distance from the edge of the loaded
area.

percent passing #200 sieve;

percent air voids in mix;
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test temperature (°F):
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temperature;
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Over the years, Americans alone have invested more than
one trillion dollars in their highway systems and are just
beginning to realize that the conditions of the highway
infrastructures are a major problem that requires the
infusion of funds for maintaining, rehabilitating, and
rebuilding the systems. Public and legislative attentions
have been focused on the scope of public programs to rebuild
and upgrade existing facilities and on the financing aspects
of these programs. Financing alone cannot solve the problem
because the needs far exceed the available resources.
Innovation in structural and material mix design is the key
to bridging the gap and to accelerate the search for a
better solution.

In general, the highway systems were built using two
types of surfacing materials: rigid (Portland cement
concrete) and flexible (asphalt mixes). The latter pavement
type (flexible) is the subject of this research study.

As stated by Yoder and Witczak, the classical definition
of flexible pavements includes those pavements that have an
asphalt concrete surface (185). An asphalt pavement may
consist of thin wearing surface course built over a base

course, subbase course, and compacted subgrade. Thus, the
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term pavement herein implies all the layers (courses) in the
pavement structure. The load carrying-capacity of a flexible
pavement is brought about by the 1load distribution
characteristics of the layered system. The highest quality
layer is placed at or near the surface. Hence, the strength
of the pavement is the result of building up thick 1layers
and, thereby, distributing the load over the relatively weak
subgrade (185).

A typical asphalt paving mix consists of four major
components: asphalt, coarse and fine aggregates, mineral
fillers, and air. Also, certain types of additives or
modifiers could be added to the mix to alter some of its
properties. The so called "properties" of an asphalt
concrete mix are dependent upon the properties of the
material in the mix, the proportioning of the different
component in the mix (the asphalt mix design), the test type
and procedure, and temperature and environmental conditions.

The structural design of flexible pavements has evolved
from rule-of-thumb procedures to methods based primarily on
the experience and judgement of highway engineers augmented
by empirical relationships developed through research and
field observations. Recently, significant progress has been
made to develop new pavement structural design models (e.g.
elastic and viscoelastic, and finite element models). The
accuracy of these models, however, depends upon the accuracy

of the input data such as the structural and material
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properties, and others. Several laboratory test procedures
were developed for the evaluation of these properties.
However, numerous practical difficulties are often
encountered in each test to exactly load the test specimen
as dictated by theoretical considerations and/or to
duplicate field conditions. Moreover, attempts to directly
relate mix design variables (e.g. asphalt type and content)
to the structural properties of the materials are either
very few or non-existence. Consequently, there have been few
links between the newly developed laboratory tests (e.g.,
flexural tests and indirect tensile tests) and the
traditional mix design methods (e.g., Hveem stabilometer,
and Mashall stability and flow method) that have been in
existence for many decades.

The objectives of this study are to:

a) Determine the asphalt mix design parameters using the
standard Marshall tests.

b) Determine the structural properties of the asphalt
mixes using cyclic load flexural tests.

c) Quantify relationships between the structural
properties of the asphalt mix and the types of the
material in the mix.

d) Identify a 1laboratory test procedure whereby the
asphalt mix design can be tailored to optimize its

structural properties.
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CHAPTER 2

LITERATURE REVIEW

2.1 GENERAL

The field of flexible pavement design has evolved from
empirical rule-of-thumb procedures based on past experience
to rational methods based on soil classification systems and
later on road test data. Beginning in the 1950s, however,
heavy wheel 1loads and truck traffic resulted in severe
breakup of some highways which necessitated more rational
approaches. Consequently, analytical (mechanistic) pavement
design methods were introduced which provided a better
understanding of pavement response under traffic loading.
This, however, gave rise to the problem of material
characterization under simulated field loading conditions.
To solve the problem, new laboratory tests such as the
resilient modulus and permanent deformation-creep were
developed, which enabled pavement engineers to obtain
material properties necessary for mechanistic pavement
design models (50).

In order to understand the material properties and to
be able to extract the design parameters, the stress-strain
responses of the material under simulated traffic 1loading
must be obtained. Statistical and actual variations of the
responses and the design parameters relative to other

factors (e.g., temperature) should also be determined.
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Existing information concerning these variations of asphalt

mixes are presented in the following sections.

2.2 Material Evaluation

The mechanical response of most asphalt mixes subjected
to static and quasi-static loading is complex and differs
considerably from that of the constituent materials in the
mixes (109). The response depends on several variables which
can be divided into three common groups (26, 32, 35, 44, 47,
71, 100):

1) Asphalt mix variables including types of asphalt,
the percent asphalt content, types of aggregate and
their proportion and gradation, types and proportion
of the mineral filler, and types and concentration
of modifier (if any).

2) Specimen variables including compaction variables,
density or the percent air voids, specimen size, and
the amount of induced moisture.

3) Test variables including temperature, load intensity
and frequency, and loading and relaxation periods.

Figure 1 depicts a typical mechanical response (stress-

strain) of asphalt mixes subjected to cyclic loading (81).
The pertinent features of the strain response include:

1) Time-independent elastic strain (also called

resilient strain) which is immediately recoverable

upon unloading. This is shown as ab in figure 2.1.
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2) Time-dependent viscoelastic strain which is
recoverable during and after removal of the load (bc
in figure 2.1).

3) Plastic (permanent) strain which is irrecoverable (ed

in the figure).

In order to obtain an analytical assessment of the
mechanical response, a constitutive model should be used
that can account for the pertinent features of the stress-
strain properties of the asphalt  mixes. Laboratory
observations suggest that several different models can be
constructed that include:

1) Linear or nonlinear elastic.

2) Elasto-plastic.

3) Elastic-viscoelastic-plastic.

4) Elastic-viscoelastic.

5) Viscoelastic-plastic.

The model to be selected for the analysis depends upon
the desired type or types of strain to be modeled, the
degree of accuracy, the desired mathematical simplicity, and
the anticipated load intensity. For example: mathematically,
the linear elastic model is the simplest. However, the model
does not account for the viscoelastic and plastic
deformations of the mix. In general, the elastic-
viscoelastic-plastic model is appropriate because of its
ability to accurately manage the actual pavement response

when subjected to traffic 1loading (17, 18). The basic
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premise of this model is the assumption that, at each
loading increment, the material is capable of undergoing a
small plastic (permanent) strain, a small viscoelastic
strain, and a small elastic strain. Mathematically, for each
loading cycle, the total strain is the sum of the plastic,

viscoelastic, and elastic components, i.e.

en = ep + ey teg (2.1)

where : = total strain;

er
ep elastic strain;
ey = viscoelastic strain; and
ep = plastic strain.

Since the -elastic strain is time independent, the total
strain rate is the sum of the components of the viscoelastic

and plastic strain rates. That is:

de deVE de (2.2)

where: the strain rate is the first derivative of strain

with respect to time.

It should be noted that equation 2.2 indicates that the

stress is applied and removed instantly. That is, the stress
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intensity is either zero or a prespecified value. If the
stress increases gradually with time (as the case of moving
wheel 1load in the field and most laboratory tests) then
strain rates in equation 2.2 should be expressed in terms of
partial derivatives. All strain rates (including the elastic
one) would be stress-dependent. Equation 2.2 represents the
strain rates during the period of constant stress.

Nevertheless, using figure 2.1 and the above scenario,

one can define the three types of strain as follows:

a) Resilient strain - The resilient strain for each load
cycle 1is defined as the difference between the
instantaneous values of the strain at peak and zero
loads. This is shown as line ab in figure 2.1.

b) Viscoelastic strain - For each 1load cycle, the
viscoelastic strain can be measured by the
differences between the values of strain at zero load
and that when the second load cycle commences. In
figure 2.1, line bc is a measure of the viscoelastic
strain.

c) Plastic strain - The value of the plastic strain per
load cycle is very small and difficult to measure.
Therefore, the cumulative plastic strain due to a
certain number of load repetitions is generally
measured. This is shown as line de in figure 2.1.

It should be noted that the accuracy of the actual

measurement of strains depends on the rate of unloading.
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A higher rate permits more accurate measurement of the
resilient and viscoelastic strains. In reference to figure
2.1, the values of the resilient strain represented by ab
increases and the viscoelastic (bc) decreases with
decreasing unloading rate. Because, during the unloading
period, the test specimen will recover all the resilient and
part of the viscoelastic strains. Hence, the actual values
of the resilient and viscoelastic strains cannot Dbe
accurately determined

In general, the applied cyclic stress, and the

resilient, viscoelastic, and plastic strains are used to
obtain the structural properties of asphalt mixes. The
following definitions of the structural properties are
relevant and can be found throughout the literature.

1) Resilient modulus is the ratio of the applied cyclic
deviatoric stress to the resilient part of the axial
strain (ab).

2) Resilient Poisson’s ratio is the ratio of the radial
(not shown in figure 2.1) to the axial resilient
strains.

3) Viscoelastic modulus is the ratio of the applied
cyclic deviatoric stress to the viscoelastic part of
the axial strain (bc).

4) Total modulus is the ratio of the applied cyclic
deviatoric stress to the total axial strain (ac).

5) Stiffness is a general term describing any one of the
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above moduli.

6) Fatigue 1life is the number of 1load repetitions a
material can withstand prior to the initiation of
microcracks.

7) Permanent deformation is the sum (cumulative) of the
plastic axial deformation (de) developed during the
total number of load repetitions.

Whereas the above terms are generally accepted, one can
find (in the 1literature) several terms describing the
modulus of a material (e.qg., stiffness modulus, mix
modulus, complex modulus, dynamic modulus, elastic modulus,
elastic stiffness, flexural 'stiffness) (81, 104).
Unfortunately, most of the existing 1literature do not
properly define these terms nor do they offer any
explanations concerning the method of calculation. Hence,
one can find the same term being used by several authors
even though the methods of calculation are different (e.g.,
one author uses resilient strain, while another uses total

strain, to calculate the same modulus).

2.3 RESILIENT CHARACTERISTICS OF ASPHALT MIXES

The resilient characteristics of asphalt mixes are the
resilient modulus and resilient Poisson’s ratio. Existing
information concerning the effects of the test, mix, and
specimen variables on the resilient characteristics of

asphalt mixes are presented below.
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12

2.3.1 Effects of Test Variables

The effects of test variables on the resilient modulus
of asphalt mixes were investigated by several researchers
(27, 28, 51, 52, 54, 106, 109). These variables include
applied stress, test temperature, load frequency, relaxation
period, and number of load repetitions.

The effects of the number of load applications (N) on
the resilient modulus (MR) of asphalt mixes are dependent on
the test type and boundary conditions. For example; for a
continuously supported beam specimen, increasing N results
in increasing MR. While for simply supported beam specimen,
increasing N yields a decrease in the values of MR (48, 71).

Brown and Cooper (27) stated that, for a stiff asphalt
binder and relatively moderate stress levels, the resilient
modulus is independent of stress level (51, 52, 54).
Similarly, Yeager and Wood (106) found that a constant value
of the resilient modulus can be obtained for a stress level
up to 70 psi and test temperatures between 40 and 100°F.

The effects of load duration and frequency upon the
resilient response of asphalt mixes were also evaluated by
several investigators. Generally, it has been found that
longer 1load durations and lower frequencies result in lower
values of the resilient modulus (27, 28, 106, 109). Also,
since the response of viscoelastic materials, such as

asphalt mixes, to load is temperature dependent, higher test
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13

temperatures result in higher deflections and lower values
of the modulus (24, 27, 87, 99, 107, 108,).

The resilient Poisson’s ratio for isotropic 1linear
elastic material wunder uniaxial stress is defined, as noted
above, by the ratio of recoverable radial strain to the
recoverable axial strain. This definition applies only for
zero or constant confining pressure. For variable confining
pressure, the definition is more complex. The theoretical
range of the values of Poisson’s ratio is between -1.0 and
0.5, although values higher than 0.5 were reported (51, 52).
This can be attributed to several factors:

1) Asphalt mixes are not perfectly linear elastic

material.

2) Laboratory test conditions do not exactly duplicate
those dictated by the theory of elasticity.

3) The test specimen experiences volume change during
shear which is not permissible in the theory of
elasticity.

Because of the problems associated with laboratory
measurements of Poisson’s ratio and since pavement response
is relatively insensitive to variations in this parameter,
estimated values of Poisson’s ratio are generally used by
pavement engineers (108). A typical range of Poisson’s ratio
for asphalt concrete mixes is between 0.2 and 0.4 (109).
Nevertheless, researchers have evaluated the effects of the

test variables on the value of Poisson’s ratio. It was found
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that:
a) Higher test temperature yields higher values of
Poisson’s ratio (104).
b) Increasing number of load applications yields higher

values of Poisson’s ratio (15).

2.3.2 Effects of Mix and Sample Variables

The resilient modulus of asphalt mixes is also a
function of the mix and specimen variables including
aggregate type, asphalt type and content, gradation of
aggregate, and percent air voids. Bonnaure et al. studied
the effects of several factors upon the resilient modulus of
asphalt mixes utilizing a two-point bending apparatus for
testing trapezoidal specimens (24). Some of their test
specimens were fabricated in the laboratory while others
were obtained from the field. They concluded that:

. Asphalt content, percent air voids, grade of binder,
and volume concentration of the aggregate
significantly affect the test results.

. Accurate estimates of the stiffness modulus and phase
angle of the mix can be obtained using the above
noted variables with the aid of nomographs (Van Der
Poel).

Saraf and Majidzadeh performed dynamic tests on simply

supported beams (12 in. long, 2 in. wide, and 2 in. high) to

exanine the effects of the type of asphalt binder on the
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dynamic modulus (85). They used six different types of
asphalt aged for 2, 4, and 6 hours in an oven heated to a
constant temperature of 425°F. The tests were conducted
using 0.2 second loading time followed by 0.8 second
relaxation period. They concluded that:

. The dynamic modulus of the compacted mix increases
with an increase in the binder viscosity.

. For any given grade of asphalt, there is an optimum
asphalt content at which the value of the dynamic
modulus is maximum.

. Aging of asphalt causes an increase in its viscosity
and dynamic modulus.

. The dynamic modulus increases with an increase in
the compacted density of the mix.

The effects of aggregate gradation on the resilient
characteristics of aggregates and asphalt mixes were also
investigated by several researchers.. In general, it was
found that these effects are insignificant (64, 90, 91,
105, 108, 109).

Because of the complexity of the 1laboratory tests to
obtain the structural properties of asphalt mixes, and
because these tests are expensive and time consuming,
several researchers correlated the structural properties of
the mixes to some of the mix parameters which are easy to
obtain. Some of these correlations are presented in the

following section.
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2.3.3 CORRELATIONS

Efforts have been made to correlate the dynamic modulus
of asphalt mixes to the test, mix, and sample variables.
Shook and Kallas (93) used data from several different
tests to develop correlation equations (known as the Asphalt
Institute (A.I.) equations) between the dynamic modulus of
asphalt mixes and several mix, test, and specimen variables.
The tests included:

. Marshall stability and flow at 40, 70, 100, and 140°F.

. Hveem tests at the same temperatures.

. Direct and indirect tensile tests.

. Dynamic modulus tests on 4-in diameter and 8-in high

cylindrical specimens.

Their statistically correlated equations are:

Log E = 1.54536 + 0.020108(X1) - 0.0318606(X2)
4

+ 0.068142(X3) - 0.00127003(x4)% % (x5)!" (2.3)
R® = 0.968, and S.E. = 0.0888904

Log E = 3.12197 + 0.0248722(X1) - 0.0345875(X2)
- 9.02594(x4)%°1%/(x6)°-° (2.4)

R2 = 0.971, and S.E. = 0.0849186






Where: Log =

X1

X2 =

X3 =

X4 =

X5 =

X6 =

S.E.

R? =
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logarithm to base 10;

dynamic modulus, 10° psi (4 Hz 1loading
frequency) ;

percent passing #200 sieve;

percent air voids in mix;

asphalt viscosity at 70 OF (106 poises);
percent asphalt by total weight of mix;

test temperature (°F):

the 1logarithmic value of the viscosity (in
poises) of the asphalt at the test
temperature;

= gtandard error of the estimate; and

coefficient of determination.

Shook and Kallas noted that:

. For a constant asphalt content, the resilient modulus

decreases as the percent air voids increases.

. The resilient modulus of the mix increases as the

asphalt

viscosity increases, or as penetration

decreases.

Later, Witczak utilized an expanded data base to modify

the AI equations and to include the test frequency as one of

the variables (104).

Miller et

al. compared nearly 1200 laboratory measured

dynamic modulus values with those predicted using the AI

equations (66). They observed that for all mixes made using

crushed aggregate, the measured and predicted moduli showed



1304 agreez
Liz 32de Us
gzatiens to
fings by
Lx depend
el Al
Zn; grave
%, calcy!
W agree:
Sreaates |,
FE'-'er:he:
B Boduly
i"el:;ed al

Srelae

-2ted ¢

R
T Srad,.
\J
0 su:
By,



18

a good agreement. However, very poor agreement was noted for
mixes made using slag and sand. Thus, they modified the AI
equations to obtain a better correlation for all mixes. The
findings by Miller support that the modulus of the asphalt
mix depends upon the constituent material in the mix. The
original AI equations were obtained using crushed and
natural gravel. Consequently, when similar aggregates were
used, calculated and measured moduli showed a relatively
good agreement compared to that of using different
aggregates (slag).

Nevertheless, when the AI equations failed to predict
the modulus to within reasonable 1limits, researchers
developed alternative equations. For example, Terrel et al.
correlated the resilient modulus to the asphalt content,
test temperature, and percent air voids in the mix (96).
Yeager and Wood correlated the dynamic modulus to the slope
of the 1lines representing the logarithmic values of the
kinematic viscosity against the inverse values of the
temperature, loading rate, and test temperature (106). Their
correlations, however, were limited to a specific aggregate
type, gradation, asphalt type, and asphalt content.

To summarize, several correlations relating the
resilient and/or total characteristics of asphalt mixes to
the mix, test, and specimen variables were developed. These,
however, were found to be limited to specific types of

aggregate and asphalt, and to the specific tests and
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boundary conditions.

2.4 PLASTIC CHARACTERISTICS

In general, the plastic characteristics of any material
can be divided into two categories: permanent deformation
and creep. The basic difference between the two categories
is that the former is the cumulative plastic deformation
under cyclic load (e.g., a moving wheel load) while the
latter is, typically, measured as the total deformation
under a constant static load (e.g., a parked vehicle).

Theoretically, permanent deformation of a compacted
asphalt mix is a manifestation of two different mechanisms:
material densification that results in a volume change; and
repetitive shear deformation that results in a plastic flow
with no volume change (58). The portion of the deformation
due to densification can be minimized by proper compaction
specifications (17, 18, 19, 58). To control or minimize
plastic flow in a pavement section, the applied shear stress
should be minimized by a proper design. 1In practice, the
separation of the two components of permanent deformation is
not possible. Therefore, the term permanent deformation
herein refers to the sum of both deformations.

Permanent deformation represents a basic concern in the
structural design of pavement system. It causes twvo
different distress modes in the pavement: ruts and fatigue

cracking (85). Ruts in flexible pavements are simply a
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surface distortion that can be found in the wheel paths.
This surface distortion can be caused by any one layer or a
combination of layers in the pavement system. Water tends to
accumulate in the rutted area of the pavement causing a
safety problem (hydroplaning). Fatigue cracking (also known
as alligator cracking) is the result of the accumulation of
cyclic plastic strain induced by repeated traffic 1loads.
These cracks cause slow disintegration of the asphalt course
which shortens pavement life.

Concentrated efforts to control both ruts and fatigue
cracking resulted in the development of two pavement design
methodologies that are based upon 1limiting permanent
deformations (109):

. Empirical methods based on correlations of excessive
deformations to preselected failure conditions of the
pavement.

. Quasi-elastic or viscoelastic methods that are used
to predict the cumulative permanent deformations in
pavement systems.

The latter methodology is preferred because it can be used
in more theoretical and rational pavement design methods. It
should be noted, however, that neither method is perfected
to the point where permanent deformations can be accurately
predicted.

In the following sections, plastic deformation

prediction models and the effects of several variables upon
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the plastic characteristics of asphalt mixes are summarized.

2.4.1 Plastic Deformation Prediction Models

Monismith et al. found that, for asphalt mixes, the
functional relationship between the permanent strain and the
number of load cycles can be described as follows (67, 68,

69, 70, 72).

(log(N))3
(2.5)

log (ey) = C, + C; log(N) + C, (log(N))2 + ¢

w

where: log = logarithm to base 10;
ep = plastic strain;
Co, cl' C2, and C3 = coefficients; and
N = number of load application.

The basic concept of the model is based upon the assumption
that for a given stress and material properties the plastic
deformation of asphalt mixes is a function of the number of
load applications. This implies that the prediction of
permanent deformation can be determined by repeated load
laboratory tests. Allen and Deen confirmed the above finding
and expanded the relationship to include the effects of test
temperature and applied deviatoric stress (16). Comparisons
of predicted permanent deformation with actual rut depths

measured from full-depth asphalt pavements showed a
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reasonable agreement.

Haas and Morris et al. introduced a polynomial function
between the ratio of the logarithmic value of the permanent
deformation to the logarithmic value of the number of load
repetitions and the applied stress, the test temperature,
and the percent air voids in the mix (40, 74, 75).

A different approach was proposed by Brown and Cooper
(27). They stated that the permanent deformation of asphalt
mixes can be better expressed by using the percent air voids
or the voids in the mineral aggregate (VMA) as the
independent variable rather than the number of load cycles.
This implies that the permanent deformation is independent
of the number of load applications. This is true if the
permanent deformation term includes only creep. For this
case, time becomes important. In general, permanent
deformation of asphalt mixes is a function of several
variables including time of loading, percent air voids,
temperature, material properties, applied stresses, service
life, and environmental conditions (26, 32, 35, 40, 42, 44,
45, 47, 50, 53, 55, 71, 73, 76, 78, 79, 83, 86, 173). . For
example, the performance and service life of two similar
pavement sections are drastically different if one section
is subjected to a high number of trucks (high axle 1loads),
while the other is subjected only to automobile traffic.
Further, even if the traffic characteristics are the same,

pavements 1located 1in different geographical areas (e.g.
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presence/absence of freeze-thaw cycles) will perform
differently. These imply that to properly model permanent
deformations of asphalt mixes, all factors involved should
be included in the model. Thus, the differences in opinion
found in the literature concerning plastic deformation are
mainly due to the fact that each study did not include the
effects of all possible independent variables and/or their

ranges. These are presented in the following section.

2.4.2 Effects of Test Variables

Thé effects of cyclic stress level and test temperature
on permanent deformation of asphalt mixes were investigated
by several researchers. They reported that higher stress
levels and/or test temperatures result in higher permanent
deformations (40, 42, 45, 47, 50, 53, 55, 73, 76, 78, 79,
83, 86).

Allen and Deen found that the permanent deformation at
the first load application (initial response) is a function
of the stress level and test temperature (16). The increment
of permanent deformation between any subsequent cycles,
however, is independent of stress level and test
temperature. Haas and Meyer, on the other hand, reported
that the accumulated permanent deformation (in percent) per
the 1logarithmic value of the number of 1load application
increases with increasing axial stress and test temperature

(40). The difference between the two findings could be
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attributed to the total number of independent variables
included in the study or to the type of test used. Different
tests may yield different stress distributions and,
consequently, the results may not be directly compared.

Monismith and Vallerga examined the effects of the
relaxation period during load-unload cycles on permanent
deformation (73). They found that, relative to other
variables, the effect of the relaxation ©period is
statistically insignificant. Allen and Deen studied the
effects of the load duration on permanent deformation (16).
They showed that regardless of the load frequency,
equivalent 1loading times (number of load cycles multiplied
by load duration) yield similar permanent deformation. 1In
practice, the above findings imply that spacing between
equally 1loaded truck axles (relaxation period) does not
affect the permanent deformation. Traffic speed (loading
period), on the other hand, inversely affects permanent
deformation. That is, the higher the speed the lower the
permanent deformation.

The finding by Allen and Deen however, was disputed by
Brown and Cooper (16, 27). They examined the behavior of
asphalt mixes under static and cyclic load (stationary and
moving vehicle) using a square wave. In both tests, the peak
cyclic 1load was equal to the static load in the creep test.
Thus, the equivalent loading time for the creep test is much
higher than that of the cyclic test. They found that the
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permanent deformation obtained from the cyclic test is
significantly higher than that measured from the creep test.
Brown and Cooper attributed this to the shape of the loading
wave. Consequently, they recommended the use of sinusoidal
wave forms.

Again, the differences in the findings are actually
related to the variables involved. Allen and Deen used a
sinusoidal wave form while Brown and Cooper used a square
wave form.

To summarize, the effects of test variables on permanent
deformation of asphalt mixes vary. Results appear to depend
upon the number ©of independent variables under
consideration. Ideally, the effects of the independent
variables can be separated by holding all variables but one
to be constant. Then the test results from two different
investigations can be compared if and only if the constant
values in Dboth investigations are equal. The most
significant findings are those reported by Allen and Deen
(16). That is, regardless of the applied stress level and
other mix variables, the permanent deformation at the first
load cycle 1is dependent on the stress 1level and mix
variables and that the increment of permanent deformation
between any subsequent cycles is load independent. These
findings imply that, in the field, the permanent deformation
of a pavement system under the first application of axle

load plays a major role in the extent of future ruts of that
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pavement. Thus, measurements of the permanent deformation of
a newly constructed pavement is crucial to the prediction of
its future performance.

2.4.3 Effects of Sample and Mix Variables

The effects of sample and mix variables upon the
permanent deformation of asphalt mixes have been
studied extensively. Since the findings are similar and
consistent, a summary with illustrative citations is
presented below:

. For a constant asphalt content, lower percent air

voids results in lower permanent deformation (27,
40).

. The effects of the percent fine content depend upon
the type of the aggregate in the mix (21, 46, 47).

. The percent of coarse aggregate and top size
aggregate in the mix cause no significant effects on
permanent deformation (46).

. Softer asphalt binder causes higher permanent
deformation (40).

. Higher asphalt contents cause higher permanent
deformations (46).

These findings have a direct impact on this study in the
selection of the specimen and test variables and their
ranges. In this study the test matrix was designed to
include the following: three values of percent air voids;

three viscosity graded asphalts; three types of aggregate
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with one top size and a constant percent fine content; two
proportions of fine and coarse aggregates (two gradations):;
three 1levels of cyclic load; and two test temperatures.

These variables and their ranges are detailed in chapter 3.

2.5 FATIGUE PROPERTIES

The subject of fatigue is complex and can be studied in
many ways (2, 39, 52, 59, 63, 65, 84, 88, 92, 94, 101, 103).
Regardless of the complexity of the subject and the way it
is studied, it should be clear that cyclic plastic strain is
ultimately responsible for fatique damage (84). Yoder and
Witczak stated that fatigue is the phenomenon of repetitive
load-induced cracking due to a repeated stress or strain
below the ultimate strength of the material (108).

Fatigue failure is one of the most commonly used failure
criterion in structural engineering and has been adopted as
a pavement failure criterion. In general, tensile cracks in
flexible pavements initiate at the bottom of the asphalt mix
layer and are located under or in the vicinity of the wheel
loads where the tensile strain is high. Hence, the maximum
tensile stress and/or strain that can be permitted at the
bottom fiber of the asphalt layer can be specified such that
fatigue cracks are minimized.

Fatigue tests (although not standardized) have been
conducted utilizing several test methods and various

specimen sizes (14, 15, 31, 37, 48, 49, 65, 74, 80, 85, 97).
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It is generally agreed that because of the effects of the
stiffness of the asphalt binder upon fatigue properties and
because binder stiffness is temperature-dependent, a
temperature-controlled chamber should be used around the
test specimens.

Fatigue test methods vary from the repeated 1load
flexural test using beam specimens to repeated load indirect
tensile tests on Marshall-type specimens (14, 15, 31, 41).
Recently, a test method based upon the principles of
fracture mechanics has also been used (43, 63). In addition,
fatigue tests may be conducted either in stress or strain-
controlled modes (26, 35). In the stress-controlled mode, a
constant peak cyclic stress is continuously applied and
removed which results in a decrease in stiffness and,
consequently, an increase in the actual flexural strain with
an increasing number of 1load applications. 1In the strain-
controlled approach, the peak cyclic load is continuously
varied to yield a constant flexural strain. This results in
a peak cyclic stress that continuously decreases with
increasing load applications. It should be noted that it is
difficult (especially in the strain-controlled tests) to
establish the number of load repetitions to failure.
Consequently, arbitrary definitions of fatigue life of a
test specimen has been adopted (fatigue 1life is defined as
the number of load cycles for which the specimen stiffness

is reduced to half of its initial wvalue) (26). This
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definition should not be interpreted as the higher the
stiffness modulus the higher the fatigue life. Indeed,‘it is
well known that softer asphalt has longer fatigue life (85).
Nevertheless, In practice, strain-controlled tests are
considered to be applicable to thin asphalt layer pavements
(less than 2-in), while stress-controlled tests are
considered applicable to thick (more than 6-in) asphalt
pavement layers (35, 109). Other thicknesses are considered
to be in the intermediate range.

The cyclic load applied to the beam specimen (in the
flexural tests) is normally a sinusoidal wave with 0.1
second loading time and 0.4 second relaxation time (48).
Other wave forms and several loading and relaxation periods
have also been used (32, 34, 71). Irrespective of the
test procedure, specimen size, and loading characteristics,
nine test specimens (triplicate for each stress level, three
stress levels) are generally used to establish the necessary
fatigue relationship for any given asphalt mix and test
conditions (44, 48, 109).

In this study, nine specimens were used (triplicate for
each of the following cyclic load levels: 100, 200 and 500
pounds) . The test results (fatigue 1life) were then
statistically correlated to the applied cyclic load levels
to obtain the fatigue 1life curve of each type of asphalt
mix. Also, in this study, several definitions of fatigue

life were employed which are detailed in chapter 5.
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In the following section, two types of fatigue models

are introduced.

2.5.1 Fatigue Models

Several fatigue models have been suggested in the
literature. These can be separated into two types (95, 96):
phenomenological models (32, 44, 97) and mechanistic models
(43, 48, 85, 98) . The phenomenological models are
essentially based on Miner’s law (82) (fatigue damage of
asphalt mixes is directly proportional to the number of load
aéplication); and they have the advantages of simplicity and
availability of data for different materials. Their
principal disadvantages are that they do not account
satisfactorily for the influence of geometry and material
heterogeneities, and they do not provide a quantitative
measure for the extent of cracking in pavements. The
mechanistic models, although impractical to use due to their
complexity, are more amenable than the phenomenological
models in providing a quantitative description of the degree
of cracking in pavements.

Soussou and Moavenzadeh presented a closed form
probabilistic solution based on Miner’s law to characterize
the accumulation of fatigue damage in flexible pavements
(95) . Their solution relates the expected values and
variances of the measure of damage to the statistical

characteristics of 1load factors and material properties.
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They emphasized the need for obtaining more complete
material characterization procedures which include
measurements of spatial variabilities to determine the
average size of cracked areas.

Fatigue 1life and fatigue properties of asphalt mixes
have been evaluated using several different mechanistic
models. Irwin used the fracture energy criterion which is
directly related to the mechanism that causes materials to
fail due to cracking (43, 44). He showed that:

. Unlike stress and strain, the minimum energy required
to cause fracture is independent of specimen
stiffness.

. Fracture energy is an invariant scalar, relatively
simple to calculate, and independent of direction.

Using strain-controlled dynamic bending tests, Van Dijk
and Visser found that fatigue behavior of asphalt mixes can
be satisfactorily modeled using a mechanistic model (energy
concept) (97, 98). Permissible strain and fatigue behavior
were shown to depend not only on stiffness, but also on the
type of mix. Further, evidence from the data was the
positive effect of intermittent 1loading as opposed to
continuous 1loading on the fatigue life of mixes (i.e., the
former results in a 1longer fatigue 1life). Secor and
Monsmith, on the other hand, showed that a linear
viscoelastic model (phenomenological model) predicted the

structural response of pavement within 30 percent of the
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measured values (89). In general, this model is the most
preferred due to the capability of obtaining cumulative
deformations of any pavement system (109).

Other researchers introduced guidelines, methodologies,
and nomographs for use in the structural design of pavement
against fatigue failure (25, 38, 80). Witczak developed a
theoretical design procedure for a full depth asphalt
concrete airfield pavement based on fatigue failure (102).
The procedure limits the development of compressive strain
in the subgrade layer and the tensile strains at the bottom
fiber of the asphalt layer.

Finally, Kasianchuck et al. suggested a series of
required researches and development tasks to improve the
design technology. They developed and introduced
relationships between fatigue, permanent deformation, and
shrinkage cracking for use in the overall design of asphalt
pavements (49).

Regardless of the method employed , nomograph, or guide
lines, fatigue life of pavement cannot be predicted with
reasonable accuracy. Most methods tend to underpredict
pavement life (109). Further, there are obvious differences
between fatigue failure criteria. These differences exist
between methods as well as stiffness 1levels. At 1low
stiffness, the criterion by Secor and Monismith (71) is more
conservative than the others. However, at high stiffness,

the Kingham and Kallas criterion (53) is much more
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conservative than the others. These differences 1lead to
significant variance when interpretation of the fatigue
curve is made on the basis of cumulative damage to determine
the critical fatigue period. Regardless of these
differences, however, there is no significant difference in
the design thickness of the asphalt concrete course
necessary for fatigue distress (109). There also appears to
be ample evidence that the use of laboratory-developed
fatigue results lead to a conservative estimate of fatigue
life (95, 98, 109).

Nevertheless, laboratory tests were used by several
investigators to evaluate the effects of the different test,
mix, and sample variables on fatigue life. The test results
were used to:

. Understand the effects of the variables on fatigue

life.

. Correlate fatigue 1life to the different  mix

compositions.

. Predict the fatigue life of in-service pavements.

These are presented in the following sections.

2.5.2 Effects of Test, Sample, and Mix Variables

Throughout this presentation, it should be noted that
the tests were conducted using different specimen
dimensions, different 1loading modes, different types of

test, and different materials. Consequently, there is no
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common basis to compare the findings of the different
studies. The objectives of the presentation are to
illustrate what has been done and to define what should be
done to standardize the tests so that the results can be
compared. It should also be noted that a large volume of
literature can be found in this area. Thus, the cited
references are not exhaustive, rather they are illustrative
and are presented to show the need for standardization.

Bonnaure et al. examined the effects of the relaxation
(rest) period upon the fatigue characteristics of asphalt
concrete mixes (26). They tested 9- by 1.2- by 0.8-in
rectangular beam specimens in the stress and strain-
controlled modes utilizing two types of penetration graded
asphalt (40-60 and 80-100); a three point bending apparatus
with a frequency of 50 Hz; rest periods of 0, 3, 5, 10, and
25 times the 1length of the 1loading period; and test
temperatures of 41, 68, and 77°F. They defined the failure
condition (fatigue life) as the number of cycles required
for a reduction of 50 percent of the initial stiffness
modulus of the mix. They concluded that:

1) Longer rest periods yield higher number of 1load

cycles to failure (longer fatigue life).
2) The most beneficial rest period is equal to 25 times
the load period.
3) Higher test temperatures result in 1lower  mix

stiffness and higher service life.
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4) The test results were independent of the test mode
(stress or strain-controlled).

Monismith et al. studied the effects of load frequency
and stress reversal (from tension to compression) on the
fatigue properties of asphalt mixture (71). They tested 12-
by 2- by 3-in beam specimens supported on springs. The beams
were made using dense graded crushed granite aggregate with
(3/4-in top size) and two types of 85-100 penetration graded
asphalt cements (a conventional paving asphalt and an air
blown material). The tests were conducted under a range of
frequencies from 3 to 30 cycles per minute. They concluded
that:

1) For a given load, higher frequencies result in lower

strain.

2) The test frequency has no effect upon the mix
behavior in repeated flexure due to two reasons:

a) The deflections were measured near the load which
may reflect densification within the beam itself.

b) The spring base did not allow cumulative
deformation to build up.

3) For the same value of maximum strain, there is no
difference in results obtained from beams flexed in
two directions compared to those from beams flexed in
one direction.

4) Higher asphalt contents yield longer fatigue life.

Irwin and Gallaway examined the influence of 1laboratory
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test method upon the fatigue life of asphalt mixes (44).
Their test methods included uniaxial stress fields (beam
specimens), biaxial stress fields (plate specimens), full
stress reversal, and no stress reversal. In addition, they
compared test results obtained from laboratory-compacted
test specimens to those obtained from field-cored specimens
(field-compacted asphalt concrete). They concluded that:

1) The degree of stress reversal affects fatigue
properties of the mixtures.

2) Fatigue characteristics obtained from laboratory and
field prepared beam specimens are not statistically
the same.

3) The beam test method allows a better definition of
the number of cycles to failure than the biaxial test
method using plate specimens.

The results presented above and those found in other
references (15, 22, 23, 34, 35, 37, 48, 60, 61, 62)
illustrate the fact that different tests and/or specimen
sizes lead to different conclusions. A similar point was
also made by Epps and Monismith (35). They summarized
available information (from 1954 to 1971) concerning the
effects of several mixture and test variables upon fatigue
pProperties of asphalt mixes. For convenience, only parts of
their summary is presented below.

a) Stress-controlled conditions may not be found in a

real pavement subjected to traffic loading. In the
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laboratory, however, this mode of testing provides a
conservative estimate of fatigue life and it is
applicable to relatively thick and stiff asphalt
concrete layers.

Load frequencies in the range of 3 to 30 cycles per
minute have no effect on specimen fatigue life.
Frequencies of 30 to 100 cycles per minute, on the
other hand, significantly decrease the fatigue life
(by approximately 20 percent).

For stress-controlled tests, 1lower test temperatures
yield higher specimen stiffness and longer fatigue
life.

For strain-controlled tests, lower test temperatures
result in higher specimen stiffness and shorter
fatigue life.

Although not conclusively demonstrated, absorption of
moisture by asphalt mixtures may lead to a reduction
in stiffness and a potential reduction in fatigue
life.

For the stress-controlled mode of loading, a higher
mixture stiffness leads to a longer fatigue life and
for the strain-controlled mode of loading, a higher
mixture stiffness yields a shorter fatigue life. It
should be noted that in real pavements a higher
mixture stiffness results in a shorter fatigue 1life.

This is because the stress-controlled mode of loading
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is never realized in real pavement conditions (32).

h) For both stress-controlled and strain - controlled
modes, a lower percent air voids in the mixture leads
to a longer fatigue life.

i) A higher angularity and roughness of the aggregate
result in a higher mix stiffness. The effects of
stiffness were noted in items g and h above.

Fatigue life of asphalt mixes is also a function of the
stress distribution within the material and the magnitude of
the applied load. 1In the field, traffic load is not uniform
in intensity and frequency and the actual pavement response
is affected by the load variation. Deacon and Monismith
studied the effects of load variation on the fatigue life
of asphalt mixes (32). They tested 15- by 3.25- by 3.5-in
beam specimens made using crushed granite aggregate and
penetration graded asphalt cement of 85-100. They employed
three types of compound loading ( sequence type, repeated
block type, and random type) at a frequency of 0.1 Hz to
simulate traffic loads. They concluded that:

1) The mode of loading has a profound influence on the
observed fatigue behavior of asphalt-concrete
specimens. For the stress-controlled mode, specimens
exhibiting the largest initial stiffness moduli tend
to perform most satisfactory as long as the mixture
is nonbrittle and has a reasonable balance among the

proportions of its constituent materials. The reverse
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is true for the strain-controlled mode.

Fatigue behavior is a stochastic rather than a
deterministic phenomenon.

The mean fracture lives of specimens subjected to
two-level decreasing-sequence tests exceeds that of
specimens subjected to two-level increasing-sequence
tests if the applied percentage of the larger stress
level is small.

The mean fracture lives for random and repeated-block
(small block size) 1load histories are identical if
the probabilities of application of the various
stress 1levels for the random 1loading equal the
corresponding applied percentages (expressed in
decimal form) for the repeated-block loading.

The variability of fracture life for random tests
exceeds that for comparable repeated-block tests with
the relative difference decreasing as the fracture
life increases.

one can conclude that, in the field, traffic pattern

and distribution have profound effects on fatigue 1life.

These effects vary from one pavement to another and they

cannot be easily simulated in the laboratory. Consequently,

the use of laboratory results to predict fatique life of a

Pavement is problematic. Laboratory results, however, may

be used to analyze the effects of the mix and test variables,

on fatigue life and, consequently, ¢to improve the asphalt
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mix design procedure.

2.5.3 Correlations

The characteristics of asphalt mixes such as stiffness
modulus, creep, and fatigue life are needed for an adequate
design of pavement structures. These characteristics are
difficult and time consuming to measure. Thus, the need to
estimate these characteristics from the results of simple
tests have been recently recognized. Van Der Paul (82)
developed a nomograph to estimate the stiffness modulus of
asphalt mixes based on the knowledge of the modulus of the
bitumen and of the volumetric composition of the mix. As
noted in section 2.3.3, Shook and Kallas (93) also developed
correlation equations (AI equations) to obtain the stiffness
modulus. Later, other researchers (66, 96, 104, 106)
modified the equations to include the effects of more
variables.

Similarly, methods for predicting the fatigue life of
asphalt mixes were investigated and developed by several
researchers (24, 25, 38, 43, 80, 97, 98). Two of these

methods are presented below.

2.5.3.1 Bonnaure, Gravois, and Udron Method
Bonnaure et al. studied and analyzed 146 fatigue curves
(75 stress-controlled and 71 strain-controlled) utilizing a

statistical approach (25). The data (fatigue life, asphalt
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properties, stiffness modulus of the mnix, and mix
composition) were obtained from five different European
laboratories and universities. The objective of their study
was to predict the fatigue characteristics of asphalt mixes
based on a small number of parameters that are easy to
obtain. They made the following general observations.

1) Test data from stress-controlled tests showed a
shorter lifetime than those from strain-controlled
tests.

2) For a given level of initial strain, a softer asphalt
binder leads to a longer fatigue life.

3) The slope of the fatique line in the 1log strain
versus log number of load repetition space varies
from 0.14 for asphalt binders with a high penetration
index to 0.3 for those with a low penetration index.

4) For a given asphalt stiffness modulus and initial
strain, higher asphalt contents and/or lower percent
air voids result in longer fatigue life.

Based upon these observations, Bonnaure et al. made the
following two approximations.

1) Although the slopes of the fatigque 1lines are
dependent on the asphalt type, the test temperature,
the asphalt content, and the test type a constant
value of 0.2 is assumed to represents all of the 146
fatigue lines.

2) The slope of the line representing the initial strain
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as a function of the binder stiffness modulus (in
logarithmic space) was assigned two values: 0.36
for the constant strain tests, and 0.28 for the
constant stress tests.
Based on these approximations, statistical analyses were
conducted and a general mathematical equation was obtained.
Solutions of the equation for all possible parameters were
then constructed in the form of a nomograph as shown in
figure 2.2. They then examined the accuracy of the predicted
fatigue 1life relative to the available data and concluded
that:

1) For the 75 fatique lines obtained in stress-
controlled tests, the accuracy of the equation is
around plus or minus 40 percent of the original data.

2) For the 71 fatigue lines obtained in strain-
controlled tests, the accuracy of the equation is
within plus or minus 50 percent of the original data.

Differences between calculated and measured data are

mainly due to the two approximations made prior to
generating the final equation. Also, the fact that fatigue
data were collected from different laboratories where the
specimen size and the boundary conditions were not exactly
the same contributed to the variance of the data.
Nevertheless, the above conclusions indicate that stress-
controlled tests are slightly more consistent than strain-

controlled tests. It should be remembered that the accuracy
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of the calculated data may drop significantly if compared to
field measured data. The nomograph, however, represents a
significant contribution in the field of fatigue analysis in
that it can be used to qualitatively assess the effects of

the mix variables on pavement life.

2.5.3.2 Pell and Cooper Method

Pell and Cooper examined the effects of test and mix
variables on the fatigue life of asphalt mixes (80). They
conducted a series of 48 tests on a wide variety of base and
wearing course mixes made with gap-graded and continuously-
graded aggregates. Stress-controlled flexural tests at 50°F
were conducted on necked-type specimens (2.5-in diameter at
the neck). The specimens were mounted as a vertical
cantilever cylinder on a shaft rotating at a constant speed
around the specimen axis, while a single constant point load
was applied perpendicular to the axis. This produced a
sinusoidal bending stress throughout the specimen with a
maximum stress amplitude at the neck.

They established two linear logarithmic relationships:
the first relates fatigue life (expressed in terms of the
number of load repetitions (N) to failure) and the maximum
amplitude of the applied dynamic stress; the second relates
(N) to the maximum amplitude of the initial dynamic strain.
They assumed that all the fatigue 1lines for the first

relationship meet at one focal point as shown in figure 2.3.
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They concluded that:

1) Asphalt content is the most important mix variable
affecting fatigue life; higher asphalt contents and
lower percent air voids result in higher fatigue
lives.

2) For good fatigue performance, an aggregate should be
rounded to allow effective compaction to take place,
have a high crushing strength to prevent fracture
during compaction, and have a coarse surface texture
for firm binding with the asphalt.

3) In the axial 1load fatigue tests, fatigue life is
independent of the confining stress and temperature.

Again, figure 2.3 can be used to assess the effects of

the variables (asphalt type, asphalt content, and strain
amplitude) upon the fatigue life of asphalt mixes. Such an
assessment leads to a better pavement design relative to
fatigue life. The figure should not be used, on the other
hand, to predict pavement fatigue life.

2.5.4 Fatigue Life of Inservice Pavement

Craus et al. and Kenis assessed the effects of heavier
axle 1loads and higher contact pressures on the fatigue life
of pavement structures containing relatively thin layers of
asphalt concrete (less than 4-in) (17, 29, 30). Their
assessment was made by three computer programs: ELSYM5 and

PSAD which are based on layered elastic theory; and VESYS
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which is based on a viscoelastic model. Further, the fatigue

response of asphalt pavement with less than 10 percent

cracking was defined using the Finn equation (36). It was

concluded that:

1)

2)

3)

The influence of the asphalt concrete stiffness on
fatigue 1life is dependent upon the layer thickness.
For pavements with 4- and 6-in thick asphalt-bound
layers, fatigue life increases as the stiffness of
the asphalt concrete increases. For a 2-in thick
layer, on the other hand, the fatigue life increases
as the stiffness of the asphalt concrete decreases.
For a co