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CHAPTER 1: INTRODUCTION

In the design and construction of airport pavements, it is
important to understand the behavior of the various materials which
constitute the pavement structures. It is well known that most pavement
materials do not respond to traffic loadings in a linearly elastic manner
as defined by the linear theory of elasticity, the backbone of most cur-
rent design theories. To the contrary, laboratory tests and field
observations have shown that most pavement materials respond to loadings
in a nonlinear and inelastic manner. Material strength varies greatly
with such environmental conditions as temperature, frost conditions,
reinfall, and groundwater table variations, and also depends upon the
rate and type of loading (the latter involves the load magnitude and
the gear configuration of the aircraft). Pavements having the same
thicknesses of component layers and constructed from similar materials,
when subjected to same aircraft loadings, may perform quite differently
depending on locality and environmental conditions. The response of a
component layer to load and environment may also depend on the strength
characteristics of overlying and underlying layers.

Attempts have been made to formulate constitutive relations
of pavement materials for use in mechanistic models to predict pavement
response to loadings. Limited success has been achieved, but the stress-
strain relations formulated are generally accurate only for a limited
range of loadings and boundary conditions. Cumulative damage theory
based on Miner's hypotnesis has been used in recent years to compute
pavement damage from failure criteria derived from either laboratory
test data or existing design curves. However, this method has been
criticized because (a) laboratory testing conditions do not completely
similate field conditions, and (b) the stress-strain relations and
failure criteria determined vary with testing procedures, methods, and
other conditions.

In the new rational design procedure for airport pavements

developed for the Federal Aviation Administration (FAA), and the Office,
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Chief of Engineers, U. S. Army (OCE), mechanistic models are used to
compute critical stresses and strains in pavement structures, and
cumulative damage computer programs are prepared to predict damage
induced by mixed aircraft loadings with consideration given to lateral
distribution of different aircraft.

It is the purpose of this report to present current information
on engineering behavior of pavement materials with respect to highway
and aircraft loadings and environmental conditions. The pavement
materials include (a) bituminous mixtures, (b) portland cement concrete,
(¢) granular materials, (d) chemically stabilized soils, and (e) fine-

grained soils.
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CHAPTER 2: BITUMINQUS MIXTURES

2.1 INTRODUCTION

In the design of bituminous mixtures for highway and airport
pavements, it is important that a balance be obtained between a number
of desirable mix properties. Generally, this balance necessitates a
compromise in the selection of the final design bitumen content.

Finnl listed seven pertinent mix properties which should be considered

in design, and these are condeused and discussed below.
2.1.1 STABILITY

Stability has been defined as the resistance of a mix to deforma-
tion under load. The deformation implied in this definition is permanent
(or plastic) deformation resulting from (a) static or nearly static
loads at relatively high temperatures, or (b) rutting associated with
many applications of channelized traffic. Stability is a function of
(a) frictional resistance, both interparticle and intraparticle (mass
viscosity), (b) cohesion, and (c) inertia. Of these, frictional
resistance is the major contributor (except that cohesion can predominate
at low temperatures) to resistance to deformation; and, for the high
temperatures and slowly applied loads normally considered, the con-
tribution of the interparticle friction to stability is predominant.

For these circumstances, the aggregate characteristics, particularly
those aspects affecting particle interaction, exert a major influence.
Improper compaction, high bitumen content, or high percentage of fines
tend to reduce this friction and thus permit plastic deformation to

develop more readily.
2.1.2 DURABILITY

Durability of a paving mixture can be defined as its resistance
to weathering, including aging, and to the abrasive action of traffic.
Included in the effects of weathering are (a) changes in the character-
istics of the bitumen due to such causes as volatilization, oxidation,

polymerization, separation, and sy~eresis, and (b) changes in the mixture
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due to the action of water and water vapor. To minimize the effects of
weathering, experience would indicate that a high bitumen content, a
dense aggregate gradation, and a well-compacted impervious mixture are
required.

Sufficient bitumen must also be incorporated in the mix to provide
tensile properties adequate to resist the tractive and abrasive forces of
traffic. In addition, the durability characteristics of the aggregate are
important in that the material must offer sufficient resistance to frac-
ture and degradation under the forces imposed by traffic and during the

construction process.
2.1.3 FLEXIBILITY

Flexibility is defined in this report only as the ability of the
mixture to conform to long-term variations in base and subgrade eleva-
tions; i.e., long-term settlements resulting from consolidation of
underlying soft, compressible soils and differential compaction from

traffic of the underlying components of the pavement structure.
2.1.4 FATIGUE RESISTANCE

Bituminous pavements subjected to many repetitions of load may
exhibit cracking of the bituminous concrete surfacing due primarily to
the resilient deformations to which the material is subjected. Moreover,
this cracking may be associated with little or no permanent (or irrecov-
erable) deformation of the pavement section. When this particular mix
property is examined, however, behavior of the entire pavement section
must be considered because the occurrence of fatigue cracking is not
only influenced by the characteristics of the bituminous mixture, but
also by the thickness and characteristics of the other components of

the pavement section.
2.1.5 SKID RESISTANCE

Skid resistance is the ability of the surface of a bituminous
paving mixture to provide sufficient friction so that a vehicle will be
able to brake to a stop within a reasonable distance under a variety of

environmental conditions. High skid resistance is generally promoted by
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the same factors as high stability; i.e., comparatively low bitumen
content and aggregates with rough surface textures. Suitaﬁie aggregates,
in addition to possessing rough textures, must also be resistant to the
polishing action of traffic. Aggregates most desirable from this
standpoint are those which have minerals of different wear character-
istics. Under the action of traffic, an aggregate of this type will
continually have its rough surface texture renewed, thus providing the
sharp coarse-grained surface necessary to develop effective contact of
the tire and the pavement.

Water on the pavement is the undesirable factor in skid resistance.
Recently, methods of porous friction surfacing and grooving have been
used to increase pavement friction. These are discussed in conjunction

with permeability in the next section.
2.1.6 PERMEABILITY

Permeability of a bituminous mixture can be simply defined as
the ease with which air, water, and water vapor pass into or through
the mixture. For highway pavements, it appears that mixtures with a
high degree of imperviousness to air, water, and water vapor are
desirable to promote long-term durability and to allow surface water to
be transported to drainage facilities rather than to percolate through
the pavement to the underlying components. For these conditions, then,
the same factors which contribute to durability (i.e., high bitumen con-
tent, dense aggregate gradation, and "good" compaction) also insure
imperviousness.

In recent years, much research has been done to develop an effec-
tive means to combat the problems of hydroplaning, skidding, and poor
braking on wet pavement. For this purpose, porous friction surfaces
(PFS's) have been found to be effective and economical.2 A PFS layer
has a thickness of 1/2 to 3/L4 in. and consists of open-graded aggregate

providing lateral internal drainage of surface water.
2.1.7 FRACTURE STRENGTH

Fracture strength is considered to be the maximum strength which

a mixture exhibits when subjected to tensile forces. Fracture strength
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is important when considering the application of heavy loads to pave-
ments, particularly at low temperatures and when the underlying pavement
components are comparatively weak, such as in the spring of the year in
many parts of the United States. In addition, the fracture strength of
the mix is important when evaluating the possibility of cracking due

to volume changes, such as those which may result from temperature
changes, dislocations, and movement in the underlying components of

the pavement structure.

In the foregoing discussion of the seven pertinent mix properties,
certain variables recur. These are bitumen content, aggregate gradation,
and mix density (degree of compaction). To promote sufficient resistance
to deformation (stability) for a particular level of traffic, the bitumen
content must be kept comparatively low so that the frictional resistance
of the aggregate mass will be maintained at the level necessary to carry
the load. On the other hand, good durability characteristics in a mix-
ture are promoted by a high bitumen content, together with dense aggre-
gate gradation and good compaction. To promote flexibility in the
mixture, a high bitumen content and a comparatively open (as opposed
to dense) gradation of aggregate are of essence. Higher bitumen content
and increased density are associated with longer service life of a
bituminous mixture. To insure imperviousness, the conditions of high
bitumen content, dense aggregate gradation, and good compaction are
essential. High bitumen content, high percentage of fine material
(filler), and good compaction can also increase the fracture strength
of the mix. Table 2.1, which shows the influence of these variables on
a comparative basis, indicates that a bitumen content that attempts to
strike a balance between all of the desirable mix properties must be
selected. In addition, for the majority of the mix properties, dense
gradations appear desirable, and proper compaction in the field is
emphasized. In the following sections, these important mix variables

are discussed.
2.2 RHEOLOGICAL CHARACTERISTICS

Rheology is the science of deformation and flow of matter.

The movements can be caused by forces or change of temperature.
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The parameters which give a quantitative description of the kinematics
(i.e., the time-position motion relations) of deformation and flow are
strain, rate of strain, and force-time patterns. Because of the
thermoviscoelastic nature of bituminous materials, the most important
factors influencing stress-strain relationships are temperature and rate
or time of loading. For instance, resilient moduli of bituminous mate-
rials should be evaluated in the laboratory at different temperatures
and at different rates of loading. Under constant temperature conditions,
it has been found that the response of bituminous concrete to loads can
be described by the theory of viscoelasticity.

2.2.1 LABORATORY RHEOLOGICAL

TESTS
The types of tests which have been used by investigators to mea-

sure the time- and temperature-dependent responses of bituminous mixtures

to loads have included the following:3°5
a. Creep.
b. Stress relaxation.
c. Constant rate of strain.
d. Dynamic.

(1) Sinusoidal variation of stress or strain with time.

(2) step function pulse loading where the duration of
pulse (usually load) corresponds to the velocity of
a vehicle (termed "repeated loading").

e. Repeated load testing.
These types of loading, together with measured responses, are shown
schematically in Figure 2.1. All these tests can be used on cohesive
soils. For unbound granular materials and stabilized soils (stabilized
with cement or lime), repeated load tests can be used to simulate actual
moving traffic loads. In the following paragraphs, these tests are
described in detail.

2.2.1.1 Creep Tests. Creep tests have been performed on bitu-

minous mixtures in compression, tension, and flexure. A constant stress
is applied and strain is measured as a function of time (Figure 2.la).

Normally this test is conducted at a constant temperature. From the
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creep test results, a measure of stiffness, termed "compliance," can
be determined.

D(t) = ‘f’t) (2.1)
)
in which
D(t) = compliance, in.2/lb or cme/kg
e(t) = measured strain as a function of time
o_ = constant stress

o
A material exhibiting linear response will have a unique rela-

tionship between compliance and time which is independent of the magni-
tude of the applied stress.

Creep tests have been used extensively, primarily because of
their simplicity, to determine time-dependent properties of bituminous
mixtures. Ken156 of the Federal Highway Administration (FHWA) incorpo-
rated the creep compliance in the computer program VESYS II from which

pavement response could be computed. S‘nell'r'9

has used creep tests on
bituminous materials to estimate the amount of rutting that would occur
in the bituminous layers of the pavement. (Details of the referenced
papers will be presented in Section 2.4 of this chapter, "Permanent
Deformation Characteristics.")

2.2.1.2 Stress Relaxation Tests. In stress relaxation tests,

a constant strain is applied and the resulting stress is measured as a
function of time (Figure 2.1b). From these results, the relaxation
modulus E(t) can be determined from

E(t) = °£t) (2.2)
o
in which
E(t) = relaxation modulus, psi or kg/cm2
o(t) = measured stress as a function of time

€
o

A material exhibiting linear behavior will have a unique relation-
ship of relaxation modulus versus time which is independent of the strain

constant strain
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level imposed on the specimen. Also, for a linear viscoelastic material,
the relaxation modulus can be obtained using numerical procedures from
the creep compliance.

For a viscoelastic substance such as bituminous concrete, it is
known that the stress produced by the strain will relax at a finite
rate (not instantaneously). In other words, when a strain is suddenly
applied to a bituminous concrete specimen and held constant, the stress
induced in the specimen will decrease with time.

2.2.1.3 Constant Rate of Strain. A measure of stiffness can

also be determined from constant rate of strain tests (Figure 2.1lc).
The relaxation modulus in this instance is computed from the slope of

the stress-strain curve at a particular rate of strain, or
E(t) = — (2.3)

in which do/de is the slope of the stress-strain curve at a particular
strain rate. By performing this type of test at different rates of
strain, the modulus can be obtained as a function of the time of
loading. If the material exhibits simple viscoelastic behavior, the
modulus determined from Equation 2.3 should be the same as that deter-
mined from Equation 2.2 as a function of time.

2.2.1.4 Dynamic Tests. The time-dependent respohse of a

viscoelastic substance can be determined through the application of
sinusoidal loading to a specimen (Figure 2.1d). If the material is
viscoelastic, the deformation resulting from the load will have the
same sinusoidal variation with time but will lag behind the stress by
a time represented by ¢/w , where ¢ is the phase angle (or phase
shift) between the stress and the resulting strain and w is the
frequency of loading. From the peak amplitudes of stress and strain,

a complex modulus E* can be determined from

0'0
Lo Bl (2.4)
(o}
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By measuring both the absolute value of the complex modulus and the
phase angle over a range in frequencies, viscoelastic response of the
bituminous concrete as a function of time is determined. Through
numerical procedures,S it is possible to relate the complex modulus as
a function of frequency to the relaxation modulus as a function of
time.

2.2.1.5 Repeated Load Tests. A repeated load test uses a pulse-

type loading as shown in Figure 2.le. This type of test has been utilized
by Seed and his co-workers to study the resilient properties of soils.
Various forms of this test can be used to measure the stiffness charac-
teristics of bituminous concrete at different times of loading.

The aforementioned tests are generally conducted in the laboratory
at a specific temperature. A given viscoelastic material's behavior has
to be measured at a number of different temperatures.

2.2.2 RHEOLOGICAL PROPERTIES

OF BITUMENS AND BITU-
MINOUS MIXTURES

In the past decade, considerable interest has developed in at-
tempts to determine the time of loading and temperature dependence of
the stress-strain characteristics of bitumens and bituminous mixtures
within a theoretical framework. One of the major objectives of this
type of endeavor is to provide rheological data to be used in analyses
for engineering applications where a bitumen or a bituminous mixture is
a major component of a structure, such as a multilayer highway or an
airport pavement.

Monismith, Alexander, and Secor3 listed some examples of pavement
behavior for which answers may be provided from this type of rheological
data:

a. Influence of velocity of moving vehicle loads and tempera-
tures on pavement surface deflections or on stresses and
strains within the bituminous layers.

b. Accumulation of small deformations under repeated traffic
loading leading to rutting of the bituminous layers.

. Creep under long-time loadings.

c
d. Temperature-induced stresses and deformations.
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A number of investigations have attempted to approach these
problems within the framework of viscoelastic theory, sinc; through
this approach the above-noted factors of time and temperature can be
considered. The principles of viscoelasticity have been successfully
used to explain the mechanical behavior of high polymers (rubbers), and
much basic information has been developed in this area.

2.2.2.1 Stiffness According to Van der Poel. To describe the
HE TN

rheology of bitumens, Van der Poel introduced the concept of a
stiffness modulus. In an elastic body, the strain occurs instantaneously
when a stress is applied, whereas the movements in bitumens are delayed
and proceed at a rate which depends on temperature. The stiffness

modulus of bitumen is defined as the ratio between stress and strain:

(8), ¢ = (-Z-)t,T (2.5)

in which

S = stiffness, psi or kg/cm2

t = time of loading

T = temperature

o = axial stress

€ = axial strain
For very short times of loading or at low temperatures, the behavior of
bituminous concrete is almost elastic in the classical sense, and the
stiffness S 1is analogous to an elastic modulus E . At longer times
of loading or higher temperatures, the stiffness is defined by the rela-
tionship between the applied stress and the resulting strain, with regard
to time and temperature.

From both creep and dynemic tests, Van der Poel developed data
indicating that the stiffness of a mixture is dependent on the stiffness
of the bitumen and the volume concentration Cv of the aggregate* for

mixtures that contain dense-graded aggregates and bitumens and are well

* The volume concentration is defined as: Cy = volume of compacted

aggregate ¢ (volume of aggregate + volume of bitumen).

2.9




compacted (approximately 3 to 5 percent air voids). Thus, with a knowl-
edge of the penetration and softening point (ring-and-ball method) of the
bitumen as it exists in the mixture* and the volume concentration of the
aggregate, an estimate of the stiffness of bituminous concrete can be
determined from Figures 2.2 and 2.3.

Figure 2.2 permits determination of the stiffness of the bitumen
for a particular rate of loading and temperature from the penetration
ring-and-ball softening point of the recovered bitumen. With the stiff-
ness of the bitumen known, the stiffness of the mixture can be determined
from Figure 2.3 using the volume concentration of the aggregate.

More recently, Heukelom and Klomp12 have examined Van der Poel's
method in more detail and have suggested that Figure 2.4 gives a rea-
sonable estimate of the stiffness of bituminous concrete provided the
stiffness of the bitumen is determined from Figure 2.5,¥* a modification

of Van der Poel's nomograph (Figure 2.2). Figure 2.4 is based on

- X\l ¢ A
L =( + (2——!‘15)(———1 - ) (2.6)
“pit v
in which
Smix = stiffness of the bituminous mixture, kg/cm2
sbit = stiffness of ‘he bitumen, kg/cm2 (determined from

Figure 2.5)

ns= 0.83 log h_O_g_,_O_O_O

The terms are applicable tglaell-compacted mixtures with about 3 percent

air voids and Cv values ranging from 0.7 to 0.9.

* This can be ascertained by extracting and recovering the bitumen

from the mixture.

#* Figure 2.5 is a modification of Figure 2.2 in that the stiffness is
determined directly in kilograms per square centimetre rather than
in newtons per square metre; in addition, the lines for negative
penetration indices in Figure 2.5 are in a different location than
those in Figure 2.2.
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Many researchers have presented data to compare stiffnesses of
bituminous mixtures determined from laboratory tests and those estimated
from the nomograph can be found in Chapter 2 of Finn.l It appears that
this approach may be an expedient and accurate method for determining
stiffness, provided the mixtures under consideration fall within the
range for which the nomograph was developed (i.e., well-compacted,
dense-graded, surface course mixtures).

2.2.2.2 Rheological Properties of Bitumen. According to

Heukelom,13 deformation of bitumen can be divided into three parts:

elastic strain, viscous strain, and delayed elastic strain. These are
explained in the following paragraphs.

Asphaltic bitumens are basically built up from hydrocarbon mole-
cules. When a bitumen is loaded, all the hydrocarbon molecules show
instantareous deformations, the bulk effect of which can be described
with a modulus of elasticity E . The value of E is practically
independent of time and temperature in the range to be considered. Under

an external stress o , all bitumens show an elastic strain

(2.7)

throughout the bitumen structure.

The colloidal structure of asphaltic bitumens leads to the assump-
tion of a liquid phase of free molecules in which molecule agglomerates
are dispersed. Forces applied to a bitumen are transmitted through the
liquid phase to the molecule agglomerates so that, statistically speaking,
the stresses in the two phases become approximately equal to the external
stress o .

At a constant external stress, the liquid phase having a bulk

viscosity n will develop a viscous strain

= ot
e = S (2.8)

which depends on the loading time t and on the temperature, since the
viscosity is a function of temperature n(T) .
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The molecule agglomerates show delayed elastic strains €

d
which start in the viscous way but gradually reach elastic equilibrium.

The time required to reach equilibrium is expressed as the retardation
time. The retardation times of the molecule agglomerates are distributed
over a wide range. Hence, the delayed elastic deformation cannot be
computed a priori. If the bulk effect is expressed in a modulus of
delayed elasticity D(t,T) the delayed elastic strain amounts to

(2.9)

e, =2
a° D

As a first approximation, the three characteristic strains can be
considered to occur independent of each other. In this case, the total

strain equals the sum of these three; thus,
e=¢e +e +e¢ (2.10)
If this value of € 1is submitted in Equation 2.5, the stiffness modulus

can be split up in accordance with the characteristic deformations,

yielding

(2.11)

n|+-
n

el
+
+*

o+

w|ct
3

This equation expresses the viscoelasticity of bitumens. At
t ¥ 0, the term with E predominates and the behavior is nearly elas-
tic. At t X = , the term with n is the largest and the behavior is
viscous. At moderate loading rates (the magnitude of which depends on
temperature), the delayed elastic effects exert their influence upon the
transition from elastic to viscous behavior. When the retardation times
are distributed over a wider range, the transition range is accordingly
wider. Figure 2.6 shows a simplified diagram illustrating the dependence
on time of loading of stiffness of bituminous material for a particular
temperature.

A number of researchers, in addition to Van der Poel, have been

concerned with establishing the rheological characteristics of bitumens.
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Monismith and Secorh gave a summary of these investigations, and they
are presented in the following paragraphs.

A number of investigations have demonstrated the viscoelastic
nature of bitumens for small d.ef‘orma’c.:[ons.114_2)4 In general, these mate-
rials display elastic, retarded elastic, and viscous behavior under load.
Saallh,l‘j

broken down into three general classes, all of which can be approximated

has suggested that the mechanical behavior of bitumens can be

by Burger's model or some modification thereof:

a. Sol-type bitumens. Burger's model with Gl and n
approaching infinity.

g

b. Elastic-sol type bitumens. Behavior represented by Burger's
model with all four elements.

c. Gel-type bitumens. Burger's model with n; approaching
infinity since this type of material shows no permanent
deformation.

While these simplified models approximate the rheologic behavior of the

1k 15

three classes of bitumen, Saal has emphasized that really satis-

factory representation requires that the model be composed of a number
of Voight elements in series with a Maxwell element (a more general form
of Burger's model).

Brown and Sparksl6’17

have indicated that four Voight elements

in series with a Maxwell element satisfactorily represent the behavior
of hard bitumens in creep. They further indicate that four Maxwell
elements in parallel with a simple Voight element satisfactorily repre-
sent results of tests on the same bitumens in stress relaxation.
Actually both models are equivalent. However, the first lends itself

to the evaluation of creep behavior, and the second to stress relaxation.

Several researcher318,19,22,2h

have used vibratory tests to assess
the viscoelastic response of bitumens over a range in frequencies of load
application. By applying sinusoidally varying stresses or deformation,
they have developed complex representations termed complex moduli or
complex compliances for a variety of bitumens. In general, their results
for viscoelastic materials are stated in terms of a storage modulus
(based on the component of strain in phase with the stress) and a loss

modulus (based on the component of strain 90 deg out of phase with the
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stress). The complex modulus is equal to the vector sum of these two
moduli. It has been shown that the complex modulus can be related to
Burger's model. Rather than use this method and thus develop the E's
and the n's for the simple model, all of the above-mentioned
investigators have left the complex modulus in general terms.

These investigators have also considered the effects of tempera-
ture and have demonstrated by means of the method of reduced va.ria'bles25
that all of the relaxation mechanisms for a given bitumen (even though
a generalized model is used) apparently have the same temperature de-
pendence, a point that may be useful when considering the effect of
thermal stress.

Kuhn and Rigden,18 based on studies using a vibrating reed,
have developed complex moduli for a variety of bitumens and have
demonstrated the change in rheological behavior of one bitumen after
5 years in service in a pavement.

The studies cited above serve to establish that bitumens can be
treated as viscoelastic materials, at least for small deformations.

In addition, the available information would seem to indicate the use-
fulness of time-temperature superpositions with regard to these
characteristics.

2.2.2.3 Rheological Properties of Bituminous Mixture. The fol-

lowing material was extracted from Wood and Goetz.26

In addition to the work of Van der Poello in the use of the
nomograph relating stiffness of the bitumen to that of the mixture,
Nijboer27 and Saal28 have made use of this work in studying the behavior
of bituminous concrete in pavement structures.

Mack29’3o and Wood and Goet226 have presented data for sheet
bitumen mixtures subjected to creep loading in compression. Mack states
that in creep these materials exhibit:

a. An instantaneous elastic strain which is independent of time.

b. A retarded elastic strain which is a function of time.

¢. A plastic deformation whose rate decreases with time.

Wood and Goetz obtained the same type of data for creep loading, and, in

addition, they found that for unloading the mixture under investigation
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exhibited instantaneous recovery, retarded recovery, and-permanent

deformation. By using Burger's model, they found that € and n

obeyed the laws of linear viscoelasticity for limited stresses and

1

small deformations.

Secor and Monismith3l’32

have presented data from triaxial
compression tests in creep, in stress relaxation, under a constant rate
of strain, and under repeated load for one bituminous concrete. They
found that the four-element model suggested by Kuhn and Rigden18 was
capable of providing reasonable agreement between theory and test data
over the entire range of loading conditions considered. The four-element
model is similar to the three-element model, except that a dashpot is
added in series with the three-element model.

Pister and Monismith33 have shown that constant rate of strain
triaxial test data (for small deformations) can be closely reproduced
by a generalized Maxwell model. From tests on mixtures using two dif-
ferent bitumens, they showed that the method of reduced variables is
adequate to develop a single generalized stress-strain curve for each
mixture and that the temperature dependence of the viscoelastic prop-
erties of the mixture is dependent on the bitumen.

Hubrecht,3h using the sonic technique, has evaluated the real
part (or storage modulus) of the complex modulus for a number of dif-
ferent bituminous mixtures. He found that the storage modulus is: (a)
inversely related to void content, (b) little affected by the gradation
of the fine aggregate for sheet bitumen, (c) affected by the charac-
teristics of both the coarse and the fine aggregate for bituminous
concrete, (d) affected by the rheologic characteristics of the bitumen
at a given temperature, and (e) reduced with an increase in temperature,
though such a reduction is also influenced by the type of bitumen.
Hubrecht's studies were limited, however, to very short loading times
and to temperatures less than T7° F.

As with bitumen, the data available on bituminous mixtures
suggest that viscoelastic analysis may be applicable for small deforma-
tions. Moreover, the data also indicate that the temperature dependence

of this behavior may be directly related to that of the bitumen.
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The following material was extracted from Finn.l
9535

Secor and Monismith and Monismith et al.,36 from creep and
relaxation tests in tension, compression, and flexure, have shown that
a satisfactory measure of stiffness, accurate at least to the level
required by engineering applications, can be obtained by considering
bituminous concrete to be a linear viscoelastic material which is
thermorheologically simple. Data illustrating this behavior are pre-
sented in Figures 2.7-2.10. A material exhibiting thermorheologically
simple behavior is illustrated in Figure 2.11, in which the position of
the modulus curve, but not its shape, is altered on the time scale due
to temperature change. For this material, a reference temperature may
be chosen and a reduced time defined so that the modulus curves in
Figure 2.11 for the various temperatures superimpose when plotted
versus the reduced time.

Figure 2.7 shows creep compliance data for bituminous concrete in
tension. These data were shifted horizontally to obtain the extended
time curve of compliance versus reduced time shown in Figure 2.8. The
reduced time is obtained by dividing the real time by a term called the
shift factor AT , which is defined as

t
AL
By = 2 (2.12)
o
in which
t,, = time required to observe a phenomenon (such as creep
Al ; ; s
compliance in Figure 2.7) at temperature T
to = time required to observe the same phenomenon at the

referenced temperature
In these figures, it should also be noted that at low temperatures
and/or short loading times this material approaches essentially elastic
behavior with a compliance of the order of 2 to 3 x 107 sq in./1b and
a corresponding modulus of the order of L x 106 psi.
Figure 2.9 shows creep compliance data obtained from compression

tests for the same mixture. These data have been converted by a numerical
7

procedure

to develop the relaxation modulus and are compared with the




relaxation modulus determined directly from stress relaxation tests in
Figure 2.10; the computations are based on the assumption of linear
viscoelastic behavior. Although there exist some discrepancies at
short loading times, the comparison appears to be reasonable.

Studies of the applicability of linear viscoelasticity and
thermorheology to bituminous mixture behavior have been conducted by
Papazian37 and Pagen andAKu38 using sinusoidal loading and creep tests.
Figure 2.12 shows typical data obtained in their investigations for the
relationships between frequency and both the complex modulus and the
phase shift for a bituminous mirture. It should be noted that there is
a large range in the modulus value, in this case E¥ , as a function of
frequency (or time).

The applicability of the time-temperature superposition principle
(related to the thermorheologically simple behavior) to bituminous mixture
behavior has also been demonstrated by Pagen and Ku.38 Creep moduli
(the inverse of the creep compliance) were determined and plotted as
a function of time of loading and temperature. These curves were then
shifted to produce the composite curve at a reference temperature for
an extended time range.

For many of the reported data on viscoelastic response of paving
mixtures, behavior is defined in terms of a single load application.
Pagen and Ku38 have demonstrated that, if the response is measured after
a number of load applications (mechanical conditioning), the material
behavior will tend to be more reproducible, and linear viscoelastic
theory may be more appropriately used to define the behavior of the
bituminous mixture. Results of 5 cycles of creep loading illustrating
this point are shown in Figure 2.13. From a field performance stand-
point, because highway pavement is subjected to many repetitions of
loads, this mechanical conditioning should probably be a part of a
testing program.

The influence of mix variables on creep behavior has also been

38
reported by Pagen and Ku. In this investigation, the effects of bitumen
type (temperature susceptibility characteristics), aggregate gradation,
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and aggregate type have been studied. Aggregate gradation appears to
have more of an influence than aggregate type (with all mixes at the
same bitumen content), particularly at longer times, and the tempera-
ture susceptibility characteristics of the bitumen may have an influence
at the longer times of loading. :
9

Krokosky, Tons, and Andrews have indicated that bituminous
concrete exhibits nonlinear and nonviscoelastic behavior in compression,
the degree of which is dependent on the magnitude of the deformation,
particularly that associated with the aggregate. In stress relaxation,
the aggregate movement appears to be the least, whereas in constant

rate of strain it appears to be the greatest. Thus, the deviation

from linear behavior is least in stress relaxation, more so in creep,
and the greatest under a constant rate of strain.

These investigators have also examined the applicability of time-
temperature superposition. Depending on the type of test, it was found
that the shift factor AT varies with the temperature. Davis, Krokosky,
and Tonsh0 have indicated that the type of mineral fille; influences the
response of bituminous mixtures at different temperatures. Although the
shift factors for a mix containing limestone filler appear to give the
same temperature dependence as predicted by viscosity data for the bitu-
men, the response to temperature is influenced by the presence of
asbestos.

Krokosky and Chenhl have presented data indicating that the shift
factor is not too dependent on bitumen content, at least within a range
of bitumen contents and temperatures that would be considered for field
application.

39-41 indicate that time-

In general, these investigators
temperature superposition is valid for bituminous mixtures, at least
to an engineering approximation.

Table 2.2 summarizes the various methods used to measure the
rheologic characteristics of bituminous mixtures. Finn1 concluded that
the stiffness of bituminous concrete is dependent both on time of loading

and on temperature and can vary by a factor of about 103 over the range
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of times and temperatures that will be expected in its application in
service; i.e., from about k4 x lO6 psi to 103 psi.
2.2.3 STIFFNESS VALUES OF
BITUMINOUS MIXTURES FOR
DESIGN PURPOSES
In previous sections, test methods to determine the rheological
properties of bituminous mixtures have been described. In general, the
stiffness of bituminous concrete is dependent on both time of loading and
temperature; however, determination of stiffness is both costly and time-
consuming. For design purposes, many agencies have developed sets of
curves and equations to determine the stiffnesses of certain mixes of
bituminous concrete for certain temperature ranges. The work of two of
the leading agencies is described below.

2.2.3.1 Shell Procedure. Based on the nomograph developed by

Van der Poel11 presented in Figure 2.2, Shell researchersh2 prepared a
curve relating the elastic moduli and temperature for normal highway
loadings and conditions, as shown in Figure 2.14. For airport design
purpose, the modulus values will have to be adjusted according to the
thickness of the asphalt concrete, Generally, the higher the modulus
the thicker the asphalt concrete.

From extensive field studies, it was found that the most critical
condition for bituminous concrete occurs in the spring when the subgrade
normally contains excessive moisture and provides the least amount of
support and the bituminous layer is relatively cold and cannot withstand
large strains repeatedly. The surface temperature under this condition
ranges from 50 to 60° F and the corresponding modulus of elasticity
for bituminous concrete is approximately 900,000 psi. When determining
the pavement requirements to prevent excessive strain in the subgrade,
the stiffness in the bituminous layer should be evaluated at the highest
temperature expected in the field; i.e., when it contributes the least
amount of resistance to deformation. In the design procedure developed
by Shell, an air temperature of 95° F was selected as being representa-
tive of the average high expected in a large portion of the world. The

stiffness of the layer was found to be associated with the temperature
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at one-third the depth of the layer. Since the temperature gradient
in bituminous concrete varies from top to bottom, the effective stiff-
ness increases as the layer thickness increases. Figure 2.15 gives a
relationship between modulus of elasticity and layer thickness for an
air temperature of 95° F. For design purposes, the moduli range from
150,000 to 200,000 psi. In the selection of these moduli for design,
the bituminous layer must be a reasonably proportioned, dense-graded
mixture that has been properly densified. These moduli cannot be con-
sidered valid for lean sand bituminous mixes or aggregate mixes con-
taining cutbacks or emulsions.

2.2.3.2 Asphalt Institute. An extensive dynamic testing program

I
was carried out at The Asphalt Institute 3 to determine the complex

modulus |E¥| of bituminous bases and surfacings. The tests were
conducted in the unconfined state at sinusoidal loading frequencies
of 1, 4, and 16 Hz and at temperatures of L0°, 70°, and 100° F. The
moduli are presented in Figures 2.16 and 2.17. Hence, for any speed
and temperature of test track operations, a dynamic modulus could be
predicted from the laboratory tests.

In the development of a design manual for full-depth bituminous
airfield pavements, Witczak used a relationship between the dynamic
modulus E and temperature t which was input into a computer program

to compute the response of the pavement. The relationship has the form

E = (2.13)

where Ko ¥ Kl , and d. are regression constants and, as chosen by

Witczak, are equal to 3.% x 106, 1.0046, and 1.45, respectively. Equa-
tion 2.13 is based on a regression analysis of numerous laboratory
dynamic modulus test results and is applicable to dense-graded bituminous
concrete mixes. The rate of loading applicable for the equation is 2 Hz
which is typical of a dual-tandem gear traveling at a taxiing speed of

approximately 10 to 20 mph.
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2.3 FATIGUE OF BITUMINOUS MIXES

The term fatigue implies a mode of distress in a biftuminous con-
crete pavement resulting from repeated application of traffic-induced
strains. Failure of bituminous concrete surfacing resulting from re-
peated bending (fatigue) was early recognized by Hveem of the California

L
Highway Department. In 1955, Hveem >

presented definitive data relating
pavement deflection and performance. On the basis of deflection measure-
ments, he was able to suggest maximum or limiting deflections for the
satisfactory performance of bituminous pavements. In this investigation,
performance was based on the amount of cracking present; therefore, it
can be assumed that the limiting deflection was selected to minimize
surface cracking. The limiting deflections suggested by Hveem are given
in Table 2.3. Although no definite number of load repetitions or service
life was associated with these deflection values, it was implied that if
deflections did not exceed these values during a reasonable service life,
unlimited numbers of repetitions could be applied without flexural
(fatigue) cracking.

Since 1955, highway engineering research literature has been
replete with reports relating pavement deflection to pavement performance.
For the most part, these investigations have established that bituminous
pavements are subject to a loss of serviceability resulting from the
cumulative effect of tensile stresses less than the ultimate tensile
strength of the surfacing. Effort has been made to define the properties
of bituminous surfacing which influence fatigue life, and some effort
has been made in the laboratory to measure the effect of repetitive

loadings on bituminous concrete specimens.
2.3.1 DEFINITIONS

Fatigue is the "phenomenon of fracture under repeated or fluc-
tuating stress having a maximum value lesé than the tensile strength
of the material."

Fatigue failure is often loosely considered to be the point at
which the material or specimen is unable to continue to perform in a

satisfactory manner. The failure or end point of a fatigue test has
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been defined by investigators in many ways. For example, it may be
taken as the point corresponding to complete fracture of the test
specimen; the point at which a crack is first observed or detected;

or the point at which the stiffness or some other property of the speci-
men has been reduced by a specific amount from its initial value.

Service life Ns is the cumulative number of load repetitions
necessary to cause failure in the test specimen. In general, the service
life as defined here has often been called the fatigue life, but it should
be noted that it is a function of the manner in which failure is defined.

Fracture life Nf is the accumulated number of load repetitions
necessary to completely fracture a specimen. When the failure point is
complete fracture, then the service and fracture lives are identical.

Simple loading occurs when specimens are subjected to a series of
unilevel stress or strain tests, and the corresponding repetitions to
failure are obtained. The level of stress or strain is usually selected
to be representative of that to be encountered or anticipated in a pave-
ment structure.

Compound loading refers to a fatigue test performed with several
levels of load. Dea.conh6 discusses three compound loading test
procedures:

a. Seguence loading. Applying different loads (usually, but
not necessarily, two loads) in increasing or decreasing
sequence; e.g., decreasing sequence would always start
with the highest stress followed in order by the lower
stresses.

b. Repeated block loading. A defined sequence of block loadings
applied repeatedly until failure occurs.

¢. Pseudorandom loading., A stipulated set of individual
loadings randomly applied according to a predetermined
probability for each load.

2.3.2 TYPE OF FATIGUE TEST

In the laboratory, fatigue behavior of materials such as bituminous
concrete has been determined in a number of ways. Two of the most common
are controlled load or stress and controlled deflection or strain. For

tests of the controlled load or stress type, the repeatedly applied load
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(stress) is maintained at a fixed maximum during each test. Relation-
ships between stress and repetitions to failure and between strain and
repetitions to failure as determined by controlled stress tests are shown
in Figure 2.18a. It should be noted that strain (deformation) increases
in this type of test until failure occurs; i.e., until the service or
fracture life is reached.

For tests of the controlled strain (deformation) type, the
repeated strain induced is maintained at a fixed maximum until the
service or fracture life is reached. Inasmuch as damage is usually
progressive in some continuous manner, the stress (load) will decrease
with increasing load repetitions because the stiffness of the specimen
will be decreased. Figure 2.18c shows the idealized behavior in this
type of test.

In the controlled stress test the deformation increases from its
initial value, whereas in the controlled strain test the stress is de-

creasing. Thus, the product of stress and strain increases in the con-

trolled stress test and decreases in the controlled strain test. Because
this product represents work, it can be seen that work (or energy) is
expended more rapidly in the controlled stress test, and a shorter life
results.

It will be seen that, in many cases, the service life of the
specimens greatly depénds on which of these two modes of testing is
used.

While no efforts have been made in the past to identify and de-
scribe modes of loading between these two extremes, a relation such as

that described in Equation 2.1L4 was suggestéd by Monismith and DeaconhT

4 'A' - IB‘
MF = 1515 (2.14)

in which
MF = mode factor
A = percent change in stress due to a stiffness decrease of C
B = percent change in strain due to a stiffness decrease of C
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C = arbitrary but fixed percent reduction in mixture stiffness
The mode factor of Equation 2.14 assumes a value of -1 for controlled
stress testing and +1 for controlled strain testing. For intermediate
modes, it lies between the limits of -1 and +1, which is shown in
Figure 2.18b.

Note particularly in Figure 2.18 that the initial stress levels
and initial strain levels are identical for all three modes of loading.

On the other hand, the observed service lives are considerably different
and become progressively larger as the mode factor increases from -1

to +1. It is readily apparent that the most severe mode of loading is
that of controlled stress since, for all but the initial load application,
both the imposed stress and strain levels exceed those for other modes.

Further comparison of the effects of mode of loading for simple
loading tests can be achieved by extending the range of initial stresses
and strains. Hypothetical fatigue diagrams for the three modes of loading
are shown in Figure 2.19. This figure indicates that over a wide range of
initial stresses the mean service life increases as the mode goes from
controlled stress to controlléd strain.

The applicability of types of fatigue tests to actual road condi-
tions has been considered by analyzing various types of pavement construc-
tion using layered elastic theory to investigate the effect of variations
in bitumen stiffness on the stresses and strains occurring in the bitu-~
minous layer. A typical example is shown in Figure 2.20. The tensile
stresses and strains were computed for many full-depth bituminous concrete
pavements of various thicknesses. For each thickness, computations were
made for three stiffnesses of the bituminous layer. The percent changes
in stress and strain due to a stiffness decrease of a given percentage
were computed, and the mode factors were determined from Equation 2.1k.
Figure 2.20 indicates that, as the thickness and stiffness of the bitu-
minous layer increase, the mode factor decreases and a controlled stress
condition is approached. It is therefore suggested that for thicker
bituminous layers, say 6 in. or more, controlled stress testing condi-

tions are appropriate, while for thin bituminous layers of 2 in. or less
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controlled strain tests are suitable since under these conditions the
strain is little affected by the mixture stiffness.

For the intermediate thicknesses, some form of testing between
these two extreme modes would be appropriate. But from an engineering
design approach, controlled stress tests would seem sensible since it
will be seen that these give a conservative estimate of fatigue life.

The above conclusions may be explained in another manner as fol-
lows. In a controlled strain test, the strain is held at a constant
value at all temperatures, and consequently B in Equation 2.1k is zero.
In a controlled stress test, the stress is held at a constant value at
all temperatures. Therefore, A in Equation 2.1k becomes zero. The
mode factor in Equation 2.1L4 thus has values of +1 for controlled strain
testing and -1 for controlled stress testing.

Computations were performed for six pavements to ccmpute the
radial tensile stress and strain at the bottom of the surface bituminous
concrete layer. The layered elastic program was used in the computation.
The load used in the computation was a 30-kip single-wheel load, and the
modulus of the subgrade was assumed to be 10,000 psi. Two different
thicknesses of the bituminous concrete layer were used in the computations.
The computed values are tabulated in Table 2.4. It can be seen that for
pavements with a thin bituminous concrete layer the strain decreases
moderately because of the increase of the modulus of the bituminous
concrete layer, while the stress increases moderately. In other words,
controlled strain tests seem to better simulate the conditions for pave-
ments with thin bituminous concrete layers, and controlled stress tests
can better represent the conditions for pavements with thick bituminous
concrete layers.

2.3.3 TFACTORS INFLUENCING FATIGUE

PROPERTIES OF BITUMEN AND
BITUMINOUS CONCRETE

There is always considerable scatter of results in any fatigue
testing of nominally identical specimens, and this is particularly so in

the case of bituminous mixtures due to the inherent inhomogeneity of
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the material and the unavoidable variation in specimen preparation. This
means that fatigue life must be considered in a statistical manner. It
is therefore necessary to test several specimens at each stress or strain
level, and the results are usually plotted as stress or strain versus
repetitions of load to failure using log-log scales. A straight line

can be plotted passing through the mean of the plotted points for each

stress level, and equations representing this relation can be written as

1\1
Ns = K(E—) (2.15)
n
N = K(}-) (2.16)
s €
where
N = mean service life obtained at particular loading conditions

s
K and n = coefficients which can be determined using linear
regression analysis techniques

0 = amplitude of applied tensile stress

€ = amplitude of applied tensile strain
It should be noted that the exponent n defines the slope of the fatigue
line, and lower values of n denote a steeper line.

Pellh9

of both controlled stress and controlled strain fatigue tests on bitumens.

and Pell, McCarthy, and Gardnerso have reported results

In an effort to eliminate the temperature effect, they converted stress
to initial strain. This was accomplished by determining the stiffness
modulus of the bitumen using the method developed by Van der Poel and
computing strain as a function of the method of loading. The significant
findings from this research effort were as follows:

8. A linear relationship exists between stress or strain and
repetitions to failure when plotted on a log-log scale.

b. Plotting stress versus repetitions to failure, horizontal
displacements in the linear relationship between stress
and repetitions to failure were evident and appeared to be
associated with temperature. However, plotting strain
versus repetitions to failure will tend to minimize dif-
ferences in test results for cold temperature (in these
tests below 4° C). At the warmer temperatures, the repeti-
tions to failure tend to increase with an increase in
temperature.
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c. Bitumen exhibits fatigue properties commonly associated with
metals, specifically, failure under repeated load applica-
tions less than the fracture strength of the material.

{=1

The technique of converting from stress (in constant stress
tests) to initial strain by means of a stiffness modulus will
produce comparable results to tests performed in constant
strain.

These researchershg’50

also commented on the variability of the
actual data. For tests conducted at 0° C, the repetitions to failure
for a strain of 1.8 x 1073 range from about 5.2 x 10h to 8.8 x th. This
variability increases as the strain decreases and poses a serious problem
as to the number of tests required to define the fatigue properties.
Among many other mix variables, such as aggregate type and grading,
Pell)48 pointed out that the most important factors affecting the fatigue
performance of bituminous mixes are stiffness, bitumen content, and voids
content. These factors are discussed in the following paragraphs.
Possibly the greatest difficulty in interpreting fatigue test
results arises from the fact that they are influenced by the method of
testing. If specimens are tested in controlled stress, then for different
stiffnesses results such as those shown in Figure 2.2la are obtained. At
a particular stiffness S , the mean fatigue 1ife can be represented by
a straight line on a log-log plot of stress o versus the number of
repetitions of load Ns to cause failure. Different stiffnesses are
represented by parallel lines showing that, with this type of testing,
the fatigue life is highly dependent on stiffness and the stiffer the
mix the longer the life.
The stiffness, defined as the ratio of stress amplitude to strain
amplitude, is dependent on the temperature and rate of loading. If
the results of the fatigue tests under controlled stress are replotted
in terms of strain € as shown in Figure 2.21b, it has been found for a
wide range of temperature that all the results from different stiffnesses
coincide, indicating that strain is a major criterion of failure and that
the effects of temperature and rate of loading can be accounted for by
their effect on stiffness.
If identical specimens are tested in a controlled strain machine

which applies an alternating strain of constant amplitude, results such
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as those shown in Figure 2.21c are obtained. Here it can be seen that,
although the lines at high stiffnesses, Sl and 82 , say, coincide,
those at lower stiffnesses chow the reverse effect of stiffness from
that found in controlled stress tests.

The reason for this is that the mode of failure is different in
the two types of tests. In the controlled stress test, the formation of
a crack results in an increase in actual stress at the tip of the crack
due to the stress concentration effect, and this leads to rapid propaga-
tion and complete fracture of the specimen and termination of the test.
In the constant strain test, on the other hand, cracking results in a
decrease in stress and hence a slow rate of propagation. At low stiff-
nesses, and hence low stresses, the measured fatigue life includes a
considerable length of time necessary to propagate a crack or cracks
sufficiently to reach an arbitrary state at which the specimen is con-
sidered to have failed (service life).

If measurements of stiffness are taken during a controlled strain
test, it is found that the stiffness reduces with increasing numbers of
load repetitions at low stiffnesses (i.e., high temperatures), and this,
no doubt, is partially due to formation of small cracks. At high stiff-
nesses, coincident with lines for Sl and 82 in Figure 2.21, there is
a negligible fall in stiffness during a fatigue test.

The slope of the fatigue line represented by Equations 2.15 and

2.16 appears to depend on the stiffness characteristics of the mix and

the nature of the bitumen. Mixes having high stiffnesses and linear

behavior result in flatter lines. This type of behavior is characteristic

of dense surfacing course mixes having a relatively high content of a
harder bitumen. The leaner base course mixes made with softer grades
of bitumen show considerable nonlinearity, particularly at higher stress
levels, and these mixes have a steeper fatigue line.

Although the logarithmic strain-service life relationship is
usually shown as a straight line, it is probably in fact curvilinear,

particularly at high strains where nonlinearity is apparent.
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If the method or conditions of testing are such that considerable
crack propagation takes place during the test, then the line representing
the service life of specimens will be steeper because the rate of crack
propagation depends on the stress level. This is likely to occur at
higher temperatures (lower stiffnesses), particularly under controlled
strain testing.

In general, increased stiffness results in a longer life at a
given stress level in controlled stress testing and a shorter life in
controlled strain testing at a given strain level.

It therefore follows that any mix variables which affect the
stiffness are also going to affect the fatigue life of bituminous mixes.
These variables are aggregate type and grading (including filler); bitumen
type, hardness (viscosity), and content; degree of mix compaction; and
resulting air void content. The two factors which appear to be of
primary importance are bitumen content and voids content.

Increasing voids reduce the fatigue life markedly, as shown in
Figure 2.22. The effect of voids is two-fold: increasing voids will
result in reduced stiffness and increased stress concentrations. Because
of this, the detrimental effect of voids is likely to be more apparent in
controlled stress testing or controlled strain testing at low tempera-
tures. If increasing the bitumen content reduces the voids, then the
fatigue life will be increased. But if the mix already has negligible
voids, then more bitumen will reduce the stiffness, resulting in increased
strain and hence a reduced life under controlled stress testing (see
Figure 2.23).

The general effect on the strain-service life relationship of
altering the bitumen and filler content of a particular mix is illustrated
schematically in Figure 2.24. For a lean mix, increasing the bitumen
and filler content will result in a stiffer material and hence smaller
strains and longer life. However, if too much bitumen is added, the
stiffness will be reduced and hence an optimum fatigue life will be
obtained.

In conclusion, it may be stated that, for good fatigue performance

for thick bituminous construction, a mix of maximum stiffness should be
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the objective and the quantities of filler and bitumen should be such
that a condition of maximum tensile stiffness associated with minimum
voids is produced.

The fatigue characteristics discussed above have been obtained
from tests carried out under simple loading conditions which mainly apply
continuous repetitions of loading of particular magnitudes. More recent
work reported by Raithby and Sterlingsl’52 and by Van Dijk et a1.53 shows
considerable beneficial effects of strain recovery if periods of rest
are injected between each load pulse. These findings mean that labora-
tory tests using continuous repeated load pulses may well underestimate

the fatigue life to cause initiation of cracks in practice.
2.3.4 CUMULATIVE DAMAGE

In recent years, the cumulative damage theory based on Miner's
hypothesis of a linear summation of cycle ratios has been used by many

e to evaluate the effects of repeated load applications

researchers
on the fatigue properties of pavement materials. Design methods based
on empirical correlations betﬁeen subgrade strength and a given design
wheel load are considered to be inadequate because they do not consider
the important factor of traffic repetitions which contributes so signifi-
cantly to pavement failure.

According to Miner's hypothesis, if the traffic forecast yields
an estimation of nij , i.e., the predicted number of applications (or
coverages) of aircraft load i on the pavement in a particular physical
state (for a particular month or pavement temperature range during the
year) Jj during the design life, if this load is repetitively applied
to the pavement in this state until the pavement fails, and if NiJ

represents the number of applications before failure, the total cumula-

tive damage D predicted during the design life is

2 0 9
D« I ﬁﬂ- (2.17)
b &y

i % diJ is the damage induced in the pavement by 1 application of the
ith load while the pavement is in the Jth physical state, Equation 2.17

can also be written as
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D=2:rd, n, (2.18)
j 13719
Failure occurs if D equals or exceeds one.

Since both the magnitude of aircraft loads and the physical state
of the pavement continuously vary for in-service pavements, NiJ cannot
be measured directly and has to be estimated from an established failure
criterion. Such a failure criterion usually relates the level of applied
strain €3 to performance (the number of load repetitions to failure).
Therefore, the purpose of a cumulative damage analysis is simply to
evaluate the amount of fatigue damage expected to accumulate in a trial
pavement during its design life.

Deacon used the cumulative damage theory to determine load equiva-
lencies in flexible pavements59 and equivalent passages of aircraft with
respect to fatigue distress of airfield pavements.60 In the newly re-
vised design manual for fuli-depth asphalt pavements for airfields of The
Asphalt Inscitute,6l Witczak applies the cumulative damage theory to
evaluate the effects of both differing aircraft types and variable traf-
fic levels associated with each aircraft for any given anticipated air
carrier traffic mixture.

In the application of Miner's hypothesis, no allowance is made for
intervals of "no-load" or rest periods. It may be assumed that the effect
of such intervals will be beneficial or at worst of no consequence. If
the effect is beneficial, then the rule, as it stands, is conservative
for design purposes.

Since Miner's hypothesis is a linear summation of cumuwlative
damage, the order of application of aircraft loads of various magnitudes
has no effect on the computed value; i.e., for a given traffic forecast,
which includes both heavy and light aircraft loads, the pavement will
receive the same amount of total damage at the end of its design life
whether the heavier aircraft loads or the lighter aircraft loads are
applied during the first part of its design life. However, it is gen-
erally recognized that lighter traffic applied to the pavement during
the early part of its designed life can be considered to be beneficial
to the pavement, instead of causing damage.
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2.3.5 DESIGN APPLICATION

To use the stiffness modulus as an indicator of fatigue prop-
erties, it is first necessary to establish a correlation between these
two factors. Unfortunately, this correlation depends on the mode of
testing (stress or strain), as indicated previously. Finn1 summarizes
the effects of those factors influencing the fatigue properties of
bituminous mixes, according to the type of test performed. These factors
are shown in Table 2.5. -

Examination of laboratory data indicates that there is an absence
of information as regards interaction of those factors which affect stiff-
ness. For example, if aggregate gradation were adjusted to result in a
denser mix, an increase in the stiffness would be expected. If the
bitumen penetration were simultaneously increased, a decrease in the
stiffness would be expected. The net effect on the fatigue life,
however, is not always known. Stated in a different way, two specimens
of bituminous concrete mixes with the same stiffness could have different
fatigue properties due to variations in aggregate gradation, bitumen
grade, void content, etc. On this basis, the only reliab1$ way to
determine the fatigue life is to perform fatigue tests.

To minimize fatigue failure in the bituminous concrete layer
caused by the repetitive application of traffic loads, many agencies
have adopted the criterion of limiting the magnitude of radial tensile
strain at the bottom of the bituminous concrete layer. Based on layered
elastic analysis, Shell62 limited the tensile strain value to 230 uin./in.
computed with the modulus of the bituminous concrete El at a value of
900,000 psi.

Many agencies have developed failure criteria for bituminous
concrete based on laboratory fatigue tests. The criteria shown in
Figures 2.25, 2.26, and 2.27 were developed by Dorman and Metcalf,63
Witczak,6h and Monismith and McLean,65 respectively. If the design
temperature of the bituminous concrete (or the design modulus) and the

tensile stress or strain in the bituminous layer (computed using layered
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elastic analysis) are known, the failure stress repetition level can be
estimated. Based on the estimated relationship between lagboratory and
field conditions, the failure stress repetitions of a particular pavement
can then be estimated.

Dea.con67 commented on laboratory testing in the development of
failure criteria from laboratory fatigue testing of bituminous mixtures.
Although the comments are for bituminous mixtures, they are also
applicable to other pavement materials.

a. One of the major difficulties is that of defining failure in
the laboratory in such a way as to be compatible with failure
as defined for the in-service pavement. Brown and Pelld
suggest that in-service pavement life (repetitions to failure
for a given strain level) is of the order of 20 times the
life of a test specimen in the laboratory. Thus, perhaps
the best that can currently be achieved with laboratory
derived failure criteria is an estimate of crack initiation
in the in-service pavement. Few techniques are available
for quantitatively estimating the progression of cracking
in a pavement or for considering various levels of terminal
serviceability.

b. Laboratory fatigue specimens are conventionally subjected
to either of two types of repetitive loading, controlled
stress or controlled strain, depending upon whether stress
(load) or strain (deflection) is controlled during testing.
Unfortunately, the number of load repetitions to failure
is extremely dependent on the type of test. It has been
hypothesized that in-service pavements are subjected to a
type of loading intermediate between these two types and
that controlled stress and controlled strain loadings
merely represent end points of an infinite spectrum of
possible modes of loading. In the absence of suitable
means for defining and applying intermediate modes, the
problem of which form of laboratory testing to use in design
procedures will continue to exist.

c. Laboratory testing requires selection of a frequency of
loading (which is greater than that normelly encountered by

a pavement in service) and, for pulsating loads, a load
duration. These as well as other laboratory loading variables
significantly affect the number of repetitions to failure.

The possibility that rest periods can beneficially alter
fatigue response is another variable complicating use of
laboratory derived failure criteria.

|

There are certain simplifications in multilayered elastic
analyses which can cause a departure of predicted from
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actual pavement response. One of these is that a theoretical
analysis normally assumes the pavement to have unlimited

lateral dimensions and allows no lateral variation in mate-

rial properties. Thus, for example, no means are available

for readily treating pavement edge support or differential

subgrade moisture conditions. Failure criteria derived from
in-service pavements would seem intuitively to account for

these and other such discrepancies between theory and

practicality. .

e. Most analyses of highway pavements assume perfect tracking
of vehicles; i.e., they do not treat the transverse of
lateral distribution of vehicle placement. This simplifying
assumption may lead to erroneous results if laboratory fatigue N
criteria are used.

Recently, Witczak68 completed an extensive study in comparisons
of various layered theory design approaches to observed full-depth
bituminous airfield pavement performance. The observed performance was
at Baltimore-Friendship International Airport. He concluded that the
problem of pavement analysis is confounded by the recognized fact that
different test methods and procedures may be used to define the same
response. For example, several different methods are available to mea-
sure the modulus of a bituminous concrete mix at a given temperature.
Although most of these methods yield results within the same general
magnitude, differences in computed stresses and strains at a given
temperature for the various bituminous concrete modulus relationships
defined may be quite significant. Also, different analytical procedures
may be employed to determine or compute the predicted repetitions to
failure.

Figure 2.28 summarizes the three different moduli-temperature
relationships defined for bituminous base material of a selected runway.
lE*I is the complex modulus, which is a linear elastic response because
of its stress-independent nature; Es(o) is the flexural stiffness
modulus calculated from controlled stress fatigue tests, which is a
nonlinear elastic response because of its stress-dependent nature; and
f; is the average flexural stiffness computed as the average measured
stiffness for the flexural stress levels used in the fatigue tests, which
is the so-called pseudolinear elastic response.

As can be seen in Figure 2.28, a rather wide range in modulus
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value between the methods is indicated at any given pavement temperature.
This difference is further magnified by using these data along with the
yearly predicted pavement temperature distribution to illustrate the

yearly frequency distribution of E defined by the various modulus

s
or temperature relationships develo;ed. Such a plot is shown in
Figure 2.29 and demonstrates, rather markedly, the wide differences in
yearly percentage of time the pavement would have a modulus higher or
lower than a given value, depending upon which test method was used.
For example, it can be seen that for a modulus of 400,000 psi, the use
of the Es(c) relationship shows that for about 65 percent of the year
the pavement modulus would be less than this value. This is in contrast
to the 21 percent of the year that would result if the relationship were
based upon the measured dynamic (complex) modulus test. In addition to
the expected frequency distribution of pavement modulus, the effect of
the computed stresses and strains, determined for a given modulus or
temperature relationship, is very significantly different depending upon
the test results selected. Figure 2.30 shows the differences in computed
strains € and e, @s a function of pavement temperature for the
various moduli relationships.

Because the use of layered theory in design must initiate with
the pavement temperature as the major variable affecting the pavement
modulus, it can be seen that the selection of the modulus or temperature
relationship is of paramount importance in analyzing pavement performance.
This appears to be especially true in any analytical approaches using
cumulative damage theory.

2.4 PERMANENT DEFORMATION
CHARACTERISTICS

2.4.1 LITERATURE REVIEW

In recent years, much research effort has been spent in the study
of permanent deformation (rutting) in flexible pavements. Rutting can
result in the loss of pavement serviceability if cracking follows the
formation of ruts and rapid deterioration of the pavement follows due to
the accumulation of water on the pavement surface. Under normal pave-

ment conditions, deformations within the bituminous materials occur more
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likely during the late spring, summer, and early fall because of high
temperature conditions. Under winter conditions, little deformation
occurs in either the bituminous material or the subgrade, due mainly to
the very stiff condition of the former. During some periods, the sub-
grade soil may be frozen in the winter and provide firm support for
the overlying bituminous material and thus reduce pavement deformation.

Hofstra and Klomp69

investigated permanent deformation of bitu-
minous concrete using a laboratory test track. The road structure was
simplified by utilizing all-bituminous concrete construction, with 5-,
10-, 14.2-, and 20-cm (1.97-, 3.9-, 5.6-, and T7.9-in.) layers of various
bituminous mixes laid directly on an 18-CBR subgrade. The mixes used
were of high bitumen content to induce greater rutting than would occur
in practice, and the use of a strong subgrade helped to inhibit deforma-
tion in that material.

Experiments to investigate the effect of temperature indicated
that for a 5-cm (1.97-in.) layer of bituminous concrete, rutting was
partly due to deformation of the subgrade but for the 10- and 1k.2-cm
(3.9- and 5.6-in.) layers was entirely due to deformation in the bitu-
minous concrete. It was found that deformation of the mix was due to
plastic flow of the material and was not caused by densification.

A series of tests was carried out to investigate such mix variables
as bitumen type, bitumen content, and aggregate type. It was found that
stiffer bitumens produced mixes less susceptible to permanent deformation,
and the same effect was noted for mixes with low bitumen contents or
coarse aggregates. It was also found that rut depth per wheel pass
decreased with increasing numbers of wheel passes. Hence, it was con-
cluded that the mix builds up a resistance to flow during the process
of deforming under repeated loading. The authors stated that this is
probably due to the bitumen being expelled from between aggregate
particles producing greater interlocking, explaining why angular aggre-
gate produces more acceptable mixes than rounded aggregate.

T0

McLean = describes a methodology to permit estimation of permanent

deformation in pavement structures from labvoratory triaxial repeated
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load and creep tests. Discussion is concentrated primarily on techniques
to estimate the distortion characteristics of bituminous concrete and the
use of these data together with both linear elastic and linear visco-
elastic theory to predict rutting in bituminous layers of pavement
structures.

Morr1571 developed a mathematical model from the laboratory ex-
perimental results to predict the rut depth of the all-bituminous concrete
sections at the Brampton Test Road in Canada. The computed results match
very well with the measurements. However, Morris found that the majority
of the deformations occurred in the lower portion of the bituminous layer
where tensile stresses exist. The conclusions of Morris's study were
different from those of Hofstra and Klomp("9 and McLean.7o The details
of these works will be explained in later sections.

2.4.2 METHODS TO PREVENT

PERMANENT DEFORMATION

In existing pavement design methods, there are two approaches
available to prevent the distress mode caused by permanent deformation.
In one method, the vertical compressive strain in the subgrade surface is
limited to some tolerable amount associated with a specific number of
load repetitions so as to limit the plastic deformation of the overall
pavement. The Shell design method62 falls into this category. To ensure
that this strain is limited, the characterization of the material in the
pavement section should be controlled through materials design and proper
construction procedures (density and compaction control), and materials
of adequate stiffness and sufficient thickness should be used. The other
procedure involves determining a minimum layer thickness with minimum
component strength and stability, thus precluding excessive shear deforma-
tion in the material. The Hveem stabilometer, Marshall test, and CBR test
are used in such methods.

The following discussion is extracted from Monismith66 and dGeals
with available methods to prevent excessive deformation in the bituminous

layers of a pavement.
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2.4.2.1 Standing and Uniformly Moving Traffic. To minimize
rutting under uniformly moving traffic, two of the methods in widespread
useTz’73 have the capability to produce reasonably performing mixtures so
long as the actual service conditions correspond to those for which the
basic criteria were developed. For conditions beyond the realm of current
procedures, the triaxial compression test has the potential to provide
parameters which, when used with analyses of systems representative of
pavement structures, can provide useful design guides. A number of
investigators, as will be seen subsequently, make use of bearing capacity
relationships for materials whose strength characteristics can be repre-

sented by an equation of the form

T=c¢c+ 0 tan ¢ (2.19)

where

-
n

shear strength

¢ = cohesion
0 = normal stress
¢ = angle of internal friction

By performing triaxial compression tests at temperatures and rates of

loading associated with specific field conditions, the parameters c¢ and
¢ can be ascertained for design estimates. The analysis of Ninoer7h
can be helpful to properly define the parameters ¢ and ¢ for design

purposes:

de 0, =0 o, *o
—r g B COR ( 1 3 1 - ¢ - Te) (2.20)

"mass ~ dt 3 sin ¢ 2 cos ¢ 2
where
L viscosity of mass
del/dt = rate of application of axial strain
01,03 = major and minor principal stresses, respectively
T, = initial cohesion when del/dt =0
and
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™ ¥ "mass ~ dt (2.21)

For standing loads, the value of ¢ corresponds to T

Equations 2.20 and 2.21 are used to solve for ¢ and c ,
respectively. Data indicate that ¢ is relatively unaffected by rate
of loading, and both Ninoer7h and Smith75 have recommended a minimum
desirable value of 25 deg. To develop ¢ values equal to or greater
than this, the aggregate should be rough-textured, angular, and
well-graded.

The investigations of Nijboer can be of assistance in providing
mixtures with specific values of ¢ necessary to satisfy particular
loading conditions. He has shown that ¢ increases with an increase in
bitumen viscosity; is dependent on the fineness of mineral filler (minus
0.0T4-mm fraction); increases with an increase in the amount of filler;
increases up to a point with an increase in the amount of bitumen;
increases with an increase in the rate of loading; increases with an
increase in mix density; and is dependent on the proportion of coarse
aggregate (>1.0 mm) in the mix. More specifically, Nijboer has shown
that

0.9 \0.5 20 2
where
V = void factor; i.e., [1 - (air void content)2/3]
when the air void content = 0.03 and V = 0.9
= : : volume filler
FB = filler-bitumen factor; i.e., (volume Tiiler * Volule bitumen)
D = equivalent particle size of filler (0.001 mm)

The triaxial compression tests appear quite useful since they
provide friction ¢ and cohesion ¢ factors which, as suggested by
L
Ni,jboer,7 can be used in a solution of the Prandtl equation for a con-

tinuous strip loading
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Q= ¢ £(6) (2.23)
where

Ut = bearing capacity, psi or kg per sq cm

f(¢) = function dependent on ¢ ; e.g., for ¢ = 25° ,

£(¢) = 20.7
When Qat is made equal to a specific contact pressure, c¢ and ¢ are
related as shown in Figure 2.31. In this figure, a mixture with a value
of ¢ and ¢ 1lying on or to the right of the curve would be adequate
for vehicles equipped with 100-psi tires.76

Saal2 has suggested a modification of this relationship recog-
nizing that the bearing capacity for & circular area is larger than that
for a continuous strip. The corresponding values for ¢ and ¢
according to this relationship are also shown in Figure 2.31, which is
recommended with ¢ and ¢ derived from triaxial compression tests at
slow rates of loading and high temperatures.

Smith75 has presented a relationship between ¢ and ¢ and
bearing capacity for a circular area based on a yield criterion rather
than plastic flow condition as in the above formulations. For the same
contact pressure, larger values of ¢ and ¢ are required than in the
previous case, as seen in Figure 2.31. Smith also suggests a minimum
angle of friction of 24 deg to minimize the development of instability
from repeated loading.

The relationships suggested by Saal would appear reasonable for
standing load conditions with ¢ and ¢ determined from triaxial com-
pression tests at a very slow rate of loading and a temperature corre-
sponding to an average high value expected in service. For moving
traffic, Smith's relationship would appear most suitable; in this case,
however, the values for ¢ and ¢ should be developed under conditions
representative of moving traffic and an average high temperature expected
in service.

2.4.,2.2 Decelerating or Accelerating Loads. Results of one

study conducted by McLeod76 for a load with a contact pressure of 100 psi

are presented in Figure 2.32. The terms P and Q are measures of
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friction between tire and pavement and pavement and base, respectively.
Curves A and B in this figure indicate the importance of pavement thick-
ness in minimizing the form of instability when a frictionless contact
between bituminous concrete surfacing and base is assumed (P - Q =1) .
As the bituminous concrete thickness increases, the ratio &/t (ratio
of length of tire tread to bituminous concrete thickness) decreases,
resulting in lower values of c¢ at a given ¢ to prevent instability.

When P - Q =0 (full friction between pavement and base--a more
practical situation in well-designed and constructed pavements) and the
thickness of the bituminous concrete is in the range of 4 to 6 in.
(Curve C), the more critical conditions are defined by the curve sug-
gested by Smith75 as shown in Figure 2.32.

NijboerYT and Saal28 have considered shoving by decelerating
traffic to be the accumulation of permanent parts of successive visco-
elastic deformations, and these permanent deformations do occur above a
shear strain of 1 percent for time and temperature conditions critical
for shoving (0.33 sec and 122° F for their experience).

Using the relationship
s . = 3% (2.24)

where

shear (braking) stress at surface

g

Yy = shear strain (i.e., 1 percent)

and considering a coefficient of friction between tire and pavement of
about 0.5, a minimum stiffness at this time and temperature of about
15,000 psi is indicated for a contact pressure of 100 psi.

Recent work by Valkering78 into the effects of multiple-wheel
systems and horizontal surface loads on pavement structures may provide
a better framework for design against shoving. Here, attention is drawn
to the fact that at high temperatures in pavements with thin bituminous
layers, the shear stresses at the bituminous layer/base interface will
be the highest, and that adhesion between the layers is very important

if serviceability is to be retained.

2.h1

e —————




For gap-graded mixes with a stone content in the range of 30 to

50 percent, Mara.is79

has suggested limiting values of various mix
properties to prevent permanent deformation.

Developments by Shell for the solution of stresses and deforma-
tions in elastic systems due to horizontal forces applied to the pavement
surface (BISAR78) may provide the framework for a procedure to examine
the influence of braking or accelerating stresses on distortion using a
procedure similar to that suggested by Heukelom and Klomp80 for vertical
loading.

2.4.3 METHOD TO PREDICT

PERMANENT DEFORMATION

The methods presented in the previous section are limited in that
they do not give an indication of the actual amount of rutting which may
occur under repetitive traffic loading. Unfortunately, no method pres-
ently exists whereby such estimates can be made. Promising procedures
include the use of linear viscoelastic theory81—83 and the use of linear
elasticStheory suggested by‘Heukelom and Klomp,SO Barksdale,8h and

p)

Romain. In the layered elastic procedure, the stresses and strains

are computed in the pavement structure and from these values permanent

deformations in each layer of material are predicted from constitutive

relsionships determined by laboratory repeated load triaxial tests.
Elastic theory, together with creep data from simple laboratory

tests, may also be used to estimate permanent deformation. This approach

has been pursued by Shell investigatorsT_g

to estimate the rutting
occurring in bituminous layers.

In the Heukelom and Klomp procedure, the vertical strain distribu-
tion along a vertical axis is estimated within the bituminous layers
utilizing layered elastic theory. Permanent deformation can then be
determined by means of the equation

h

s é f(ev) az (2.25)
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where

o
"

permanent deformation

(e )

function relating the permanent strain e to total
strain ¢ 3 i.e., € = f(e )
v P v

Such a technique appears useful at this time to assess, at least,
the effects of changes in tire pressure and/or gear configuration (and
load) on bituminous layers. In addition, it may be possible to establish
limiting values for € by comparing computed strains for particular
field sections for which well-documented field measurements are available.
Like €atigue characteristics, however, it is highly probable that any
such criteria established for permanent deformation will be dependent on
mixture stiffness (and thus on temperature).

In the following review, investigations at the University of

Nottingham,86’87
71,88

University of California at Berkeley,7o University of

89

Waterloo, and at the Esso Laboratories in France ~ are discussed.

2.4.3.1 University of Nottingham. Repeated load triaxial tests

were carried out by Snaith =~ on a dense bitumen macadam. The effect of
six major variables was investigated: (a) vertical stress, (b) confining
stress, (c) temperature, (d) frequency of the vertical stress pulse,
(e) rest periods, and (f) bitumen content.

In confined tests, some samples developed longitudinal cracks
during the test, and all unconfined samples showed a volume increase.
The cracking was caused by the cyclic variation of tensile hoop strain
at the surface of the sample, and would contribute to volume increase
and sampie failure. In confined tests, volume increase did not occur
and cracking was not observed. This is more comparable with an in situ
situation where restraint is offered by the large mass of material.
Hofstra and Klomp69 measured strains of up to 15 percent in situ, whereas
strains measured at simple failure by Snaith were only about 2 percent,
supporting the theory that adjacent material in situ prevents the crackinge
which hastens failure of a test sample.

The effect of confining stress was not thoroughly studied in

Snaith's study. Problems arise in predicting permanent strains in the
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bituminous layers if the extreme points in the layer are considered, since
the range covered by Snaith's results only deals with stresses near the
center of the layer. However, he suggested, as an approximation, that the
layer could be considered as a whole, and stress conditions at the center
taken as a mean, since Hofstra and Klomp69 found that the permanent strains
were reasonably constant with depth. ©Snaith found, when considering a
pavement with a 200-mm layer, such as that tested by Hofstra and Klomp,
divided into three sublayers, that he could determine the permanent strain
in the two top sublayers and obtain good agreement with measurements made
by them. The computer program BISTRO was used in the elastic analysis to
calculate the stresses at the center of each sublayer, using appropriate
values of stiffness and Poisson's ratio.

The following conclusions were drawn from Snaith's work on repeated
loading of dense bitumen macadam:

8. An increase in temperature caused a significant increase in
strain.

|o

An incregse in vertical stress caused an increase in strain.

. An increase in confining stress caused a decrease in strain.

I Io

The level of static confining stress which gave the same
strain as the dynamic confining stress was approximately
equal to the mean level of that stress.

€. Realistic changes in the relative lengths of vertical and
confining stress pulses did not affect the strain.

f. The rate of strain appeared to be time-dependent at fre-
quencies above 1 Hz.

&- Rest periods between vertical stress pulses had negligible
effect on strain.

h. An optimum bitumen content of U4 percent existed for maximum
resistance to strain between 10° and 30° C. At L0° C, better
resistance was achieved with a 3 percent bitumen content.

i. The results obtained from laboratory tests when applied to
the pavement design problem produced reasonable values of
rut depth.

Conclusion h indicates the relative importance of aggregate interlock
and bitumen viscosity in resisting permanent strain. The former is

paramount at high temperatures.
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So far, when calculations of permanent deformations have been made,
one combination of the principal stresses has been used dt the center of
each layer, whereas, in situ, this combination will change at a particular
point each time a vehicle passes. It remains to be seen whether the
adoption of a standard wheel load can accurately represent the wide
variation of random applications of wheel loads. A limited test program

90

is under way at Nottingham” .using Snaith's equipment suitably modified
to investigate the value of this investigation. In particular, the
effects of temperature change and vertical stress change during a test
are being investigated.

2.4.3.2 University of California at Berkeley. Repeated load

triaxial tests were carried out on bituminous concrete specimens by
McLean.7O An attempt was made to cover the whole range of stresses to

be encountered in situ by adopting three types of tests to reproduce
conditions at the top, center, and bottom of bituminous layers. These,
were triaxial extension (cycling lateral stress only), unconfined
compression (cycling vertical stress only), and triaxial tension (cycling
vertical stress in tension and lateral stress in compression).

The permanent deformation, strain, and stress states of a 200-mm
layer of material such as that used by Hofstra and Klomp69 were investi-
gated by a@plying the theoretical model derived from the experimental
results and using Barksdale's approach.8h Good agreement with Hofstra
and Klomp's results was noted. In particular, the same form of rut depth
versus load repetitions curve was obtained. Figure 2.33 shows the dis-
tribution of elastic stresses and strains and permanent strains with
depth_aﬁ a particular condition. The similarity between the distributions
of pérmanenp strain, stress difference, and elastic strain could be sig-
nificant. Unlike the observed results of Hofstra and Klomp, the dis-
tribution of permanent strain was not uniform, possibly due to the
simplifications adopted by McLean with regard to loading time.

The following conclusions were drawn from the investigation:

a. The subgrade stiffness appears to have little influence on
the accumulation of permanent deformation in the bituminous
layers--at least for the range of stiffness examined.
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b. Stiffness exerts a significant influence on rutting in bitu-
minous layers.

c. Like the measurements of Hofstra and Klomp, the calculation
procedure indicated that rut depth in the bituminous layer
was independent of layer thickness for the range examined.

2.4.3.3 University of Waterloo. Research was carried out at
71,88

the University of Waterloo in Canada for the prediction of rut
depth by using a combination of linear elastic theory and the results
of laboratory triaxial testing of bituminous concrete. Two series of
laboratory tests were carried out on a bituminous concrete: compression
tests and tension tests. Both involved the application of a cyclic
confining stress and this was combined with cyclic axial compressive
and tensile stresses, respectively. Both vertical and lateral deforma-
tions were measured. For the compressive tests, the vertical deforma-
tion was of interest for prediction purposes, while the lateral
deformation was relevant for the tensile tests as this represented the
vertical in situ deformation in the lower half of the bituminous layer.

The results showed remarkably good agreement in view of the many
potential sources of error both in laboratory test techniques and in
application of the results to practice. A typical result showing the
variation of permanent deformation along a pavement section is shown in
Figure 2.34. It can be seen that nearly all permanent deformation in a
bituminous layer occurs in the lower half of the layer and results from
the action of tensile lateral stresses, which is in contrast to the
observations of Hofstra and Klomp69 and the predictions of McLean.To

In a recent paper, Brown91 commented that the methods used by
Morris71 and McLeanTO may not be as sound as their good respective pre-
dictions for permanent deformation at the surface imply. Brown suggested
a procedure involving the use of stress invariants which are functions of
the principal stresses, mean normal stress, and octahedral shear stress,
but are independent of the orientation of the axes. Corresponding strain
invariants can be determined from the laboratory tests and better esti-
mates of the in situ vertical strain obtained.

Using this approach, some of the inherent disadvantages of the

triaxial test can be overcome. In particular, the tension zone stresses
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in a bituminous layer can be reproduced more accurately under the condi-
tions when large permanent deformations are likely. Lower temperatures
and thin layers, however, do still present a problem.
2.4.4 RELATIONSHIP BETWEEN
RUTTING AND CREEP
TESTING
The use of creep tests on bituminous materials together with
elastic layer theory to represent the response of the pavement structure
to load is an alternative approach proposed recently by Shell investi-
gza:t:orsT"9 to estimate the amount of rutting occurring in the bituminous
layers of the pavement. Three phases may be distinguished in the work
carried out by Shell:

A study of the creep properties of bituminous mixes.T

I |p

. A correlation of rutting and creep tests on bituminous mixes.

[}

The systematic discrepancies observed in Phase 2 were studied
with regard to the main points of difference between the creep
and rutting tests; i.e., unconfined-confined and static-
dynamic tests.9 A design procedure was then proposed for
estimating, from the creep behavior of a mix in the laboratory,
the performance of the actual pavement based on the "predeter-
mined criteria of the pavement deformation and desired service
life."

The overall aim of the work, as stated by Hills,7 was to provide
a procedure whereby rut depth could be predicted when the bituminous mix
and the in-service conditions are known. To this end, creep tests were
carried out in a modified version of a soil consolidation apparatus.
The ends of the specimens were lubricated with powdered graphite to
reduce barreling.

Tests were carried out in a controlled temperature room at either
10, 20, or 30° C on specimens that were usually 200 mm in height and
60 mm square in cross section. Specimens were cut from a slab of the
mix. Some tests were carried out on cylindrical specimens of "Marshall"
dimensions, the load being applied in the axial direction. Failure of
test specimens was defined as the point at which the rate of strain in-

creased, and the experimental data given were confined to those parts of
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the creep curves where the strains were less than the critical "failure"
values. Creep tests were carried out on a range of mix compositions and,
in the case of one composition, for a series of specimens that had been
compacted by various methods.

Earlier work by Shelllo’92 had shown that for short times of
loading and low temperatures, the stiffness of the mix Smix was a
function only of the stiffness of the bitumen Sbit and the volume
concentration of the aggregate CV when the void content did not exceed
3 percent. The results reported by Hills7 indicate that, at higher
temperatures and longer times of loading, Smix becomes insensitive to
variations in the corresponding low values of Sbit and tends to level
out to a limiting value. Furthermore, in addition to the effect of the
volume concentration of aggregate, the gradation and shape of the
aggregate play a role and the state and method of compaction exert a
strong influence on the behavior. Other results indicate that:

a. In the case of two mixes with the same aggregate grading but
with different bitumen contents and compacted in the same
way, the mix with the lower bitumen content has a higher
value of Smix at any particular value of Sbit 5

b. The effect of substituting crushed for rounded aggregate is
to produce, at low values of Sbit , higher values of Smix

c. Void content of the mix cannot be used in itself for speci-
fying the state of compaction.

Hills suggested that creep curves indicate a continuous change in
the internal structure of a mix during the course of a test, and theoreti-
cal models for the deformation were developed to take account of this.

A study of the correlation between the creep and rutting properties
of bituminous mixes in laboratory tests is described by Hills, Brien, and
Van der Loo.8 There were two types of rutting tests in both of which a
wheel was rolled on the material in a single wheel path. In the first,
rutting tests were carried out on an indoor circular test track.69
A wheel ran at a constant speed in a circular path on a track which was
70 em (27.6 in.) wide and on which a bituminous layer was laid on sand.
The average tire contact pressure was found to be 0.5 MPa. In the other,
a solid rubber-tired wheel passed back and forth over a 30- by 30- by

5-cm (11.8- by 11.8- by 2-in.) bituminous slab which lay on a rigid steel
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A correction factor of 2 derived from analysis using the BISTRO

computer program was used in determining Smi for the rutting tests.

To establish if this assumption of elastic beiavior was in fact an
oversimplification, parking tests were carried out with a static wheel

on the test track pavement. The parking tests were carried out for

24k hours at ambient temperature and the contact stress was taken to be
equal to that in the rutting test; i.e., 0.5 MPa. A comparison of the
measured rutting and parking deformations at equal values of (sbit)visc
indicated that the parking deformations showed the same systematic devi-
ations from the rutting values as those calculated from the creep test.
The fact that the systematic deviations in the parking test were almost

a factor of 3 as opposed to a factor of 2 for the creep tests suggested
that the use of an "elastic" correction was a better approximation than

a procedure in which the geometry was simulated in a continuous parking

or indentation test. It was thus concluded that the systematic difference
between the two types of test did not result from the use of the "elastic"
correction factor or from the fact that the one was confined and the other
was not, but rather from the fact that the one was static and the other
was dynamic.

The assessment of the "static-dynamic" contribution to the observed
deviation was made by carrying out unconfined creep tests with continuous
and repeated loading. The measured total and permanent deformations, or
the stiffness of the mix derived from them (Smix = o/emix) , were in all
cases compared at equal values of Sbit and (sbit)visc , respectively.

It was concluded that with regard to permanent deformation, the
dynamic stiffness modulus of a bituminous mix is always lower than the
static modulus, comparig g; equal values of Sbit and (Sbit)visc ‘

The Shell group °’

tory rutting experiment (constant speed, constant load, single wheel path,

found that even in the most simple labora-

controlled temperature) it was not possible to predict rut depth with a
higher accuracy than a factor of 2. The accurate prediction of rut depths

on the actual road was thus considered to be extremely difficult and it

was concluded that the main purpose of laboratory test methods must be




limited to the ranking of materials rather than the prediction of

rut depths.

Some creep testing was also undertaken by Snaith86 in association
with his repeated load tests. The object was to see if a relatively
simple test could be used to predict the permanent deformation under the
more complex repeated load situation. Similar ranges of vertical stress
and temperature to those used in the repeated load tests were investi-
gated. It was intended to determine the level of static stress which
gives the same creep curve as a particular dynamic stress. This has
been done in Figure 2.35 where the strains after 100 and 500 sec have
been plotted against the applied stresses. It was found that at low
stresses the static and dynamic results are similar. However, at the
higher stress levels a static stress of about 65 percent of the dynamic
value would be required to produce the same strain at a particular time.

In the creep tests, the mechanism of deformation was not compli-
cated by cracking noted for dynamic tests. Shorter lives would, there-
fore, be expected in the dynamic case under comparable conditions. The
fact that the creep stress necessary to produce strains similar to those
in a dynamic test is 65 percent of the dynamic stress rather than
50 percent supports this.

Lateral deformations were not measured in the creep tests so no
measure of volume change was obtained. Hills, Brien, and Van der Loo8
have, however, reported volume decreases in similar creep tests. Hills
suggested that a different mode of failure exists in creep tests which
are different from that occurring in the dynamic case where dilation

takes place.
2.5 OTHER BASIC PROPERTIES

The fracture strength, durability, and thermal stress of bitu-

minous mixtures are outlined by Finnl and will be given in this section.
2.5.1 FRACTURE STRENGTH

In Section 2.2 it was demonstrated that the stress-strain
characteristics of bituminous concrete are both time- and temperature-

dependent. From the available data, it appears that the fracture or
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breaking strength of bituminous concrete also depends on these
parameters.

As a factor in the design of bituminous surfacings, fracture or
tensile strength appears to be of importance in three areas of design:
(a) for failure under single load applications, (b) for pavement slippage
wherein tensile strength would be an important consideration, and (c) for
thermal stresses. Van der Poello has shown that, at short times of
loading and low temperatures, the breaking strength of bituminous con-
crete in tensile creep tests approaches 30 kg/cm? a~4k20 psi). The
bitumen type also has influence on the bresking strength, particularly
as influenced by temperature.

Van der Poel also presented data obtained by Lether‘sich93 illus-
trating the influence of rate of loading and of viscosity on the breaking
strength of bituminous concrete. These data approach limiting values in
the same range as those obtained by Van der Poel.

9L

Eriksson has also investigated the fracture strength of bitu-
minous concrete and has determined the tensile strength for a number of
materials to be in the range 20 to LO kg/cm2 (280 to 560 psi), essen-
tially the same as that reported by Van der Poel.

Rigden and Lee95

have reported data for the tensile strength of
both weathered and unweathered tars and bitumens to be in the range

25 kg/cm2 (2350 psi) at high rates of loading in constant rate of

stress tests for specimens with cross-sectional areas approaching

1 sq cm. However, they determined that the size of the specimen affects
the breaking strength. Similar size effects have been observed in other
materials and have been attributed to the presence of a large number of
flaws in the material in larger cross sections.

Brodnyan22 has briefly presented some tension test data on 11
representative bituminous materials used in the United States. These
tests, like those of Van der Poel and Lethersich, would be considered
in bulk tests because the specimens were at least 3 in. long with a
0.45- by 0.25-in. (1.12- by O.lk-cm) cross section. Brodnyan reported
values of tensile stress up to about 25 kg/cm2 (350 psi) at 0° C for
a gel-type bitumen.
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The general observation that all-bituminous binders have maximum
tensile strengths of the same order of magnitude in bulk has led both
96

Van der Poello and the British Road Research Laboratory” to the con-
clusion that it is possible to obtain a comparison of the susceptibility
of bituminous materials to brittle fracture by measurement of the stiff-
ness. Van der Poel suggests that brittleness effects become important J
when the stiffness of the material is in the range of 10,000 kg/cm2
(31,400,000 psi) and greater. Rigden and Lee95 have shown that the
tensile strength of tars is increased by the addition of filler. The
tensile strengths determined in their tests at various temperatures and
filler concentrations are given in Table 2.6.

Data obtained by Erikssongh show similar trends for bitumen. He
found that the tensile strength of bitumen-filler mixtures increases from
a value about 560 psi to approximately 1708 psi when the filler to bitumen
9

ratio is increased from 1 to 4. Eriksson’ also notes that the sensi-
tivity of bitumen to stress concentrations at low temperatures is de-
creased with the addition of filler. The tensile strength of bituminous
concrete is also both time- and temperature-dependent. Van der PoellO
has presented data for a sheet asphalt which illustrate that at low
temperatures its strength is essentially constant, on the order of

50 kg/cm2 (700 psi), and that it decreases as the temperature is
increased.

9L

Eriksson® has presented data which indicate that the fracture
strength is dependent upon mixture composition, specifically the filler-
bitumen ratios. The tensile strength of this mixture is essentially the
same as that reported by Van der Poel; i.e., approximately 50 kg/cm2

(700 psi). Eriksson has also suggested that bitumens at low temperatures

are sensitive to stress concentrations, inasmuch as the stress-strain
relationship at these temperatures has no yield point. However, he notes
that if filler is added the sensitivity of bitumen to stress concentra-
tions at low temperatures decreases.

In another publication, Friksson97 presented data for tension
tests on a particular sheet assphalt for a wide range of temperatures. In

general, the trend toward decreasing strength with increasing temperature
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is the same as that reported earlier by Van der Poel. It is interesting
to note, however, that for very low temperatures the strength is also
somewhat reduced. Eriksson has conjectured that this may be due to uneven
distribution of stresses at these lower temperatures. Also, it will be
noted that the maximum value of tensile strength is on the order of

50 kg/cm> (Y700 psi) for this mixture.

Tons and Krokosky9 have also presented data showing the influence
of mixture composition, rate of loading, and temperature on the tensile
strength of bituminous concrete. Utilizing 1/b-in.-maximum-size
aggregate, tensile strengths as high as 40 kg/cm2 (¥600 psi) were
obtained with mixtures containing a combination of limestone, dust, and
asbestos as the mineral filler. Temperature and rate-of-loading effects
similar to those reported by Eriksson were obtained. Typical data from
their investigation are shown in Figure 2.36. Although not shown, it
should also be noted that, depending on the bitumen content and the type
of mineral filler, maximum values for tensile strength ranged from about
20 to Lo kg/cm2 (%300 to 600. psi).

Heukelom and Klomp have presented data (Table 2.7) covering a
range of mixture compositions in which tensile strengths as high as
100 kg/cm2 were reported. Strain at break is alsc given in Table 2.7
with a minimum value on the order of 1100 x 10.6 in./in.

The British Road Research Laboratory96 has presented tensile
creep data developed for tar-filler mixtures. The results show that
there appears to be an optimum bitumen content for mixtures subjected
to creep in tension. At low bitumen contents, comparatively small
deformations result in fracture at short loading times; but as the
bitumen content increases, the deformation curves appear to reach a
steady creep rate or to level out for sustained periods of time. At
still higher bitumen contents, fracture again occurs in comparatively
short periods of time, although the strain at break is larger than that
at low bitumen contents. The British Road Research Laboratory96
suggested that properties other than mixture stability, such as frac-
ture strength, can also be optimized through testing.
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Because of these data, both Van der Poel10 and the British Road

96 suggest that it may be possible to obtain a com-

Research Laboratory
parison of the susceptibility of bituminous materials to brittle fracture
by measurement of their stiffness.

The addition of mineral filler to bitumen appears to increase
its fracture strength. As indicated by Eriksson, this may be due to J
the ability of the filler to reduce the sensitivity of bitumen to ‘
stress concentrations.

For mixtures of bitumen and aggregate, the fracture (tensile)
strength under rapid loading and/or low-temperature conditions is in the
range of L0 to 100 kg/cm2 (R550 to 1400 psi). Strain at fracture under J
these conditions is probably on the order of 1000 x 10_6 to 1200 x 10_6
in./in. Moreover, the stress-strain characteristics for these conditions
may be linear to failure. Eriksson has indicated that the slope of the
stress-strain curves of his mixtures under these conditions approached
the dynamic stiffness of the material. Thus, as with the bitumen,
stiffness may be a good criterion for determining the susceptibility of

material to brittle fracture.
2.5.2 DURABLLITY

Durability of bituminous concrete has been defined as the long-
term resistance to the effects of aging. Specifically, for bitumen and
aggregate per se, durability usually refers to the rate of change of the
physical properties with time. For bituminous concrete, good durability
can be described as the apparent ability to provide long-term performance
without abnormal amounts of cracking and raveling. A bituminous surface
could conceivably be composed of bitumen and aggregate, each completely
unaffected by time, but because of poor mix design or construction would
not be resistant to the abrasive action of traffic. This bituminous sur-
face would have poor durability even though the bitumen and aggregate had
good durability. Or, conversely, a bitumincus mix could be made with a

bitumen which hardens rapidly with time, but, by means of adjustments in

mix design and construction control, would give acceptable performance. |
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This surface would be considered to have good durability even though the
bitumen has poor durability as measured by conventional tests.

99

Hveem”” has divided pavement deterioration into the following
three failure categories: (a) deformation caused by traffic, (b)
cracking due to effects of traffic and material properties, and (c)
disintegration due to traffic, material properties, and environment.
Thus, material properties are listed as major contributors to pavement
deterioration.

Finnl summarized the factors which are important to the durability
of bituminous mixtures. These factors are discussed as follows:

a. Mixes should be designed to provide for a maximum bitumen
content without instability. This has long been axiomatic
in mix design. The most positive way to attain this objective
is to establish a total void requirement.

Is

Mix designs should include minimum film thickness requirements.
Campen et al.100 nave suggested a minimum film thickness of

6u (bitumen index of 1.23 x 10-3). Based on the results of
fracture strength research reported in Chapter 3, it appears
that this value could be increased appreciably to about 20u,
although the need for further research is indicated. This
could possibly be accomplished by adjusting aggregate grading
requirements and using bitumen of higher mixing viscosity.

c. Mixes should be designed to have low permeability. Limiting
criteria for air or water permeability are still being studied
and require further evaluation. Goode and LufseylOl indicate
this measurement may not be necessary, providing the voids are
low. Until further evaluation is accomplished, it appears
that use of the air permeability device can be a useful tool
to adequate densification. Some useful information as to
methods for measuring air permeability is given by Ellis end
Schmidt102 and Kari and Santucci.lO3

{7

Tests of physical properties, after exposure to water, should
be performed on the bituminous mixes in cases where perform-
ance history is unknown or suspect. The moisture vapor sus-
ceptibility or immersion-compression test should be suitable
until further research can develop a better test or tests.

e. Compaction of in-place bituminous surfacing is critically
important. In view of the evidence presented, a minimum com-
paction requirement should be specified. Many highway agen-
cies now require a minimum relative density of 95 percent
based on a specific laboratory compaction procedure. For
airfield surfacing the minimum density is sometimes raised to
98 percent. Eventually, it would seem desirable to compact
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mixes initially to in-place voids contents of approximately
3 to 5 percent. Indications are that this condition would
improve the long-range performance of bituminous surfacing
under almost every condition, provided the mix will remain
stable.

The grade or consistency of the bitumen to be used appears to
be a more controversial decision. It has been a general rule
to use the bitumen of highest penetration (softest) possible
compatible with stability requirements. Several factors would
tend to indicate this rule may require modification, at least
under certain circumstances.

(1) Using a high penetration bitumen initially does not always
ensure a high penetration after mixing and 2 or 3 years of
service. Some of the satisfactorily performing bitumens
on the Zaca-Wigmore project had retained penetrations of
only 25 percent of their original penetration after 30 and
35 months of service. Halstead indicates that even with
high retained penetrations, if the ductility is low, the
bitumen may not perform as expected.

(2) To obtain increased film thicknesses, the bitumen con-
sistency may need to be relatively high.

(3) Based on limited fatigue data, bitumens of low penetra-
tions or high viscosities may provide better fatigue
properties when used in thick bituminous surfacings
(greater than 4 in.). This requires field verification;
however, it appears to be worthy of consideration.

(L) Resistance to the effects of water may be increased by
using bitumen of lower consistency. The available
information does not extend to 40-50 or 60-70 penetration
bitumens and should be researched further to include
these grades.

In suggesting the harder bitumens, particularly for the thick

discussed.

bituminous surfacing, the engineer must be mindful of the mixing and
compaction requirements and therefore must balance the need to satisfy

these requirements against stiffness, film thickness, etc., as were

2.5.3 THERMAL STRESSES

Bituminous mixtures, like other engineering materials, undergo

volume changes with changes in temperature. If these volume changes are
restricted because of constraints such as friction between the pavement

and the underlying layer or because of differential temperature changes
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in the material itself, it is possible that stresses will develop which
may be of sufficient magnitude to cause cracking of the pavement. If

the thermsl stresses are not of sufficient magnitude in themselves, they
may be additive to other stresses such as those resulting from vehicle
loads, which in turn could lead to cracking. Thus, under certain circum-
stances, it may be worthwhile to make an estimate of these temperature-
induced stresses resulting from restriction of volume changes to aid the
engineer in the proper design of the bituminous structure.

Finnl summarized data on thermal properties of bitumens, aggre-
gates, and bituminous mixtures to indicate the characteristics required
to determine temperature distributions in mixtures and to determine the
magnitude of thermal stresses which might be expected because of
restraint of volume changes resulting from changes in temperatures.

Above a characteristic temperature, termed the glass transition
temperature, bitumens display a cubical coefficient of expansion of
S o T 10_h per °C. Below this temperature, the coefficient is
reduced to 2 to L4 x lO_h per °C. With respect to the bitumen, this
temperature gives a measure of the transition from elastic behavior to
behavior where time effects become important. This, in turn, could have
significance with respect to the behavior of paving mixtures, in that
bitumens with higher glass transitions may result in mixtures where
this transition from time-dependent to elastic behavior occurs at higher
temperatures than for mixtures prepared with bitumens with lower transi-
tion temperatures. As Monismith, Alexander, and Secor3 and Monismith
and Secorh have shown, it is primarily in the range where the mixture
behaves elastically that high thermal stresses may develop; thus, it
is possible that the glass transition temperature of the bitumen will
have significance as far as the development of thermal stresses in the
mix is concerned.

The data for the coefficient of thermal expansion for mixtures
indicate that its magnitude is between that of the aggregate and the
bitumens, whose coefficients are at least one order of magnitude dif-

5

ferent. A value of a of about 2 x 10 per °C would appear to be
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representative of bituminous concrete, with this value being higher as
the bitumen content is increased. The coefficient of cubical expansion
can be taken as three times this value.

The specific heat of mixtures appears to be primarily influenced
by the specific heat of the aggregate, because it occurs in such large
concentrations in bituminous paving mixtures. An upper value of the
order of 0.22 cal/g-°C in the range O to 25° C appears to be reasonable
for mixtures with comparatively high bitumen contents. «

Bza.rber,lo,4 and Monismith, Alexander, and Secor,3 and Monismith
and Secorh have shown that temperature distributions at the pavement
surface and within thicker bituminous concrete layers can be estimated
with a reasonable degree of confidence. From a knowledge of such
temperatures and the rheologic behavior of bituminous mixtures over a
range in times of loading and temperatures (mixture stiffness), it has
also been indicated that estimates of thermal stresses can be made.
Although these estimates are by no means precise, they do give an indi-
cation to the engineer as to the probable range of temperatures where he
can expect difficulties. In general, it appears that thermal stresses,
by themselves, will not cause cracking at higher temperatures. However,
in the lower temperature range, below freezing, it is possible that
thermal stresses, whether by themselves or when added to the load
stresses, may result in fracture of the mix. Thus, this situation

should be considered by the design engineer where warranted.
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Table 2.1

Desirable Characteristics to Optimize Mixture Properties

Mix Property

Stability
Durability
Flexibility
Fatigue resistance

Skid esistance

Imperviousness

Fracture strength

Bitumen Aggregate
Content Gradation
Low Dense
High Dense
High Open
High Dense*
Low Dense

or open*#¥
High Dense
High Dense

Degree of
Compaction

High

High
High
Hithr

High

High

* Assuming a heavy-duty, comparatively thick layer of bituminous

concrete.

*¥%*  Both types of gradations have good skid resistance characteristics.
What appears to be more important is the texture of the aggregate

particles.

+ Although compaction is not normally indicated for this property,
it is implied to ensure that aggregate particles will not dislodge
under the tractive forces applied to the surface.
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TABLE 2,2

’
SUMMARY OF METHODS TO MEASURE RHEOLOGIC BEHAVIOR OF B/TUM/NOUS CONCRE 7€ (Aﬂzr Fina')

METIOD OF MEASURLD MEASURE OF 2
TEST INFUT RESPONSE RHEQ: OGIC KIHAVIOR REMARYES
Creep: Tension and Stiain as a «a) Creep compliance, (a) Nceeessary 1o vee st 5
compression: function of «(1) principle® to relnv. s vius
time, «(r) b)) =- =] E.(1), from corif.i nez, Dir).
(a) Axial Constant (b) Creep modulus, (b) E.(1) = F.(1) only at short and
loading sticss, oo o fong loading tmes.
E () = )
(b) Bending Flexure: (c) Creep modulus in (c) Ex(t) = E.(1)only at short lozd-
Constant flexure, Ex (1) = ing times for Akuminous
moment 1 fec + «J(2) Concrete.

77 AL B

Relaxation: Tension and Stress as a Relaxation modulus, (a) Analogous to van der Pocl's
compression: function of E.1) = e(1) stitfness.
time, o(1) (0 =
(a) Axial Constant (b) Difiicult to perform true stress
loading strain, oo relaxation test on bs/Fwmmous
Concrete
Constant Tension and Stress and Rclaxation moJdulus,
rate-of-strain: compression: strain, v and ¢ E.(1) =da/deat
(a) Axial Constant rate- ?;?::/n;,v“u“
loading of-strain, de/dt
Dynamic Tension and For stress Complex modulus, (a) | E* | =E.(1) only at short ard
toading compILIsion: input: TE” = et Iong bouding G, v w
and phase shift ¢ anot! oy B asmen
(a) Axia_l Sinusoidally v‘:\rying Smuscidally_ for :Prangc in ::;em;,:;lc le“r,lé,_.z.::m: - ..;)) “,-(\,
loading stress, ¢ == o Sin wi; varyiny strain, frequencies intermediate times.
or sinusoidally €= ¢sin (wt — &)
varying strain at particular (b) By plotting | E*! 25 a fu
€= 6sin w!. frequency, of 1/w, a curve sirlar
Range in where i d: will te
frequencies ¢ = phasc
shift 3
» = frequency noted in (a) above.
Repeated Compression: Compression: Compression:
loading:
(a) Axi! Axial Recoverable Resilicnt modulus:
loading stress, oo strain after Ma=0i/en
a specific
number of
load appli-
cations, ¢
(b) Flexure Flexure: Flexure: Flexural stiffness:
Applied Recoverable o P
load, P deflection S=K33r
after a spe- where
cific number K = constant depend-
of load applica- ing on loading
tions, ax condit'ons
Stiffness Penctiution and Stiffness, (a) Analogous to r~laxation modulus
(according to ring-ar.d-bull S(,T) =e/t¢

van der PPocl)

softening point
of recorered
bifumin volume
concentration

¥ ate,
of apgrepate Cv

Y

.
D(t = ryE(n)dr =

0
/l(l— D(Nr =1t
.




Table 2.3

L
Safe Maximum Deflections (after Hveem 5)

Maximum Permissible

Pavement Deflection for
Thickness Design Purposes*
in. Pavement Type in.
8 Portland cement concrete 0.012
6 Cement-treated base 0.012
(surfaced with bituminous
concrete)
L Bituminous concrete 0.017
3 Plant mix on gravel base 0.020
2 Plant mix on gravel base 0.025
1l Road mix on gravel base 0.036
1-1/2 Surface treatment 0.050

* Tentative.
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Table 2.4

Variations of Stress and Strain

in Thin and Thick Pavements

Thickness,* in.

2

2

2

10

10

10

El , psi

100,000
500,000
1,000,000
100,000
500,000

1,000,000

Stress, psi
109.5
889.3

1509.0
152.2
289.0
346.3

Strain, in./in.

10.710 @
9.767 @
7.908 €
9.075 @
3.007 @
1.770 @

-4
-k

* Thickness of the bituminous concrete layer above the subgrade soil.
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Table 2.5

Factors Affecting Fatigue of Bituminous Mixes (after Finnl)

Effect on Fatigue Life

Controlled Controlled
Effect on Stress Strain
Factor Stiffness Mode Mode
Bitumen Increases with Increases Decreases
penetration decrease in
penetration
Bitumen Increases with Increases Decreases
content* increase in
bitumen content
Aggregate Increases with Increases Decreases
type increased
roughness and
angularity
Temperature** Increases with Increases Decreases
decreasing
temperature
Void content+ Increases with Increases
decrease in
voids
Aggregate Increase from Increases Decreases
gradation open to dense
gradation
*

*%

Within reasonable limits above laboratory optimum bitumen content,
as determined from stability tests.

Approaches upper 1limit for temperatures below freezing.

t No significant amount of data; however, seems reasonable on the
basis of stiffness modulus effect and data obtained in controlled
stress tests.




Table 2.6

Increase in Strength of Tar Produced by 95
Adding a Fine Slate Filler (after Rigden and Lee””)

Tensile Strength, kg/cm2,

Percent by Weight at Cited Temperature
Filler in Mixture ORE =5 £ —LU>E
0 9 6.5 Jied
10 16 - e
20 - 15 135
30 21 19.5 18.5
Lo 26.5 28.5 22
50 28.5 - ==
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Table 2.7

Stiffness and Breaking Strength of Bitumipous
Base Materials (after Heukelom and Klomg?os

Dynamic Breaking Strain
Temperature Modulgs Strengzh az Break
Mixture Composition 26 kg/cm _kg/em 10" in./in.
Gravel, sand, and 50 pen.
asphalt cement +10 66,000 95 2,000
Gravel, sand, and TO pen.
asphalt cement +10 57,000 95 2,100
Gravel, sand, and 90 pen.
asphalt cement +10 50,000 100° 2,700
Gravel, sand, and 110 pen.
asphalt cement +10 36,000 90 7,500
Gravel, sand, and 90 pen.
asphalt cement =10 125,000 T5 1,100
Gravel, sand, and 90 pen.
asphalt cement 0 85,000 90 1,400
Gravel, sand, and 90 pen.
asphalt cement +10 50,000 100 2,700
Gravel, sand, and 90 pen.
asphalt cement +20 23,000 85 9,000
Gravel, sand, and 90 pen.
asphalt cement +30 10,000 65 13,000
100% sand and 90 pen.
asphalt cement +10 50,000 85 2,700
60% sand, 40% gravel, and
90 pen. asphalt cement +10 70,000 80 2,300
40% sand, 60% gravel, and
90 pen. asphalt cement +10 80,000 85 2,300
2.66
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NOTATION

Percent change in stress due to a stiffness decrease of C
Shift factor = tT/tO

Percent change in strain due to a stiffness decrease of C
Cohesion

Arbitrary but fixed percent reduction in mixture stiffness

Volume concentration = volume of compacted aggregate + (volume
of aggregate + volume of bitumen)

Damage induced in pavement by one application of the ith load
while pavement is in j'P physical state

Slope of stress-strain curve at particular strain rate
Regression constant
Rate of application of axial strain

Total cumulative damage; also, equivalent particle size of
filler

Compliance, in.2/lb or cm2/kg

Modulus of delayed elasticity

Elastic modulus; also, dynamic modulus
Relaxation modulus, psi or kg/ch
Modulus; also, complex modulus

Creep modulus

Creep modulus in flexure

Flexural stiffrniess modulus calculated from controlled stress
fatigue tests

Average flexural stiffness
Function dependent on ¢
Function relating permanent strain to total strain

Filler-bitumen factor
= volume of filler/(volume of filler + volume of bitumen)

Coefficient; also, a constant
Regression constants

Length of tire tread

Mode factor

Coefficient = slope of fatigue line; also,
n = 0.83 log (hoo,ooo/sbit)
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Predicted number of applications of aircraft load i on pave-
ment in a particular physical state J during the design life

Fracture life = accumulated number of load repetitions neces-
sary to completely fracture a test specimen

Service life = cumulative number of load repetitions necessary
to cause failure of test specimen

Number of applications of aircraft load i on pavement in a
particular physical state j Dbefore failure

Measure of friction between tire and pavement; also, applied
load

Bearing capacity, psi or kg/cm2
Measure of friction between pavement and base
Stiffness, psi or kg/cm2

Stiffness of the bitumen, kg/cm2

Minimum stiffness

Stiffness of the bituminous mixture, kg/cm2

Time of loading; also, temperature; also, thickness of bitumi-
nous concrete

Time required to observe the same phenomenon at the referenced
temperature

Time required to observe a phenomenon at temperature T
Temperature

Void factor = 1 - (air content)2/3
Frequency of loading

Shear strain

Permanent deformation

Recoverable deflection

Strain

Measured strain as a function of time
Delayed elastic strain

Elastic strain

Constant strain

Permanent strain

Recoverable strain

Total strainj also, viscous strain
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n Bulk viscosity

L Viscosity of the mass
o Stress
a. Constant stress
a(t) Measured stress as a function of time
01,03 Major and minor principal stresses, respectively
(3 Shear strength; also, shear (braking) strecs at surface
x, Initial cohesion when del/dt =0
o Phase angle (or phase shift) between the stress and the re-

sulting strain; also, angle of internal friction
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CHAPTER 3: PORTLAND CEMENT CONCRETE

3.1 INTRODUCTION

The properties of concrete primarily considered in the design of
portland cement concrete (rigid) pavements are Young's modulus of elas-
ticity E , Poisson's ratio v , flexural strength R , and the fatigue
resistance of the concrete. Other concrete material properties which
affect the performance of rigid pavements include aggregate gradation
and soundness, cement-aggregate reaction, abrasion resistance, resistance
to deicer solutions, volume change, and resistance to freeze-thaw and
wet-dry cyclic changes. This chapter is chiefly concerned with the four
primary properties (modulus of elasticity, Poisson's ratio, flexural
strength, and fatigue resistance) and the methods used to derive these
properties for design purposes.

In most current design procedures, these four primary properties
are normally input as exact values even though they generally are not.
Variability is normally accounted for by using low values of concrete
strength or working stress and designing for the heaviest wheel loading.
Safety factors are commonly used to account for concrete fatigue
resulting from load repetitions. It is known that each of the primary
properties of concrete is affected by the type and water content of
cement ; the type, grading, and size of aggregates; the proportioning
of ingredients; the addition of certain additives; etc., as well as by
external forces such as extreme temperatures, moisture variations,
curing, and rate of loading. It is also known that the test procedures
by which these properties are evaluated affect the values obtained.
Although efforts have been made to standardize test procedures, dif-
ferences in such things as the rate of loading, instrumentation,
specimen configuration, material conditioning, etc., affect the values
obtained. A number of researchers have published results of tests
conducted to investigate some of the factors causing variations in

these primary properties which will be reviewed in this chapter.
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3.2 MODULUS OF ELASTICITY

There are several methods for determining the modulus of homog-
eneous elastic bodies which have been applied to concrete. Among these
are static and dynamic loading in the compressive, flexural, and tensile
modes; the resonant frequency method; and the pulse velocity method.
While there is normally a correlation among these three methods, they
do produce different results on the same concrete specimen. In addi-
tion, there are variations in the way modulus and Poisson's ratio tests
are conducted involving the methods of loading and the instrumentation
for measuring the applied load and resulting strains.

The modulus of elasticity in tension or compression is a con-
stant which expresses the ratio of unit stress to unit deformation for
all values of stress not exceeding the proportional limit of stress.

The formula is as follows:

_ __unit stress e _PL
s unit deformation e i {3.1)

where

E = Young's modulus of elasticity

o = unit stress

€ = unit of deformation
P = applied load (axial)
A = cross-sectional area
e = total deformation

L = length of specimen
This is a measu