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ABSTRACT

DISTRESS AND FAILURE OF PAVEMENT STRUCTURES
by

JOHN FAYI ELLIOTT

Submitted to the Department of Civil Engineering

on September 19, 1969 in partial fulfillment of the’
requirements for the degree of Doctor of Philosophy,

A highway pavement structure is considered as part
of a system made up of different interacting socio-
economic and structural parts. To effectively analyze
the behavior of such a system, each phase of its socio-
economic and structural parts has to be separately examined
and later meaningfully integrated through the use of models
so as to get a realistic picture of performance in an
operational environment, This study uses the above systems
approach as a basic framework within which the structural
aspects of the problem are considered, The performance
.of a pavement structure in an operational environment is
examined from the primary and ultimate response behaviors,
Two mechanistic models are developed to predict the
distress and eventual -failure of the structure in a given
load and temperature environment, '

The first model treats the structure as a three-
layer linear viscoelastic system in which the mechanical
properties of the materials in the layers are represented
by linear hereditary integral operators of the creep type.
The sensitivity of this model to rate effects is established
- by considering its response to a stationary, repeated and
moving load.

The second model establishes the 1link between the
primary and ultimate responses by associating through the
use of time-dependent memory functions the developed
stresses and deformations to the degree of damage
“accumulated in a given period of time.



A simple 1llﬁstratlon of the use of the mﬁdels to.
predlct the progression of damage in a pavement structure
under repeated 1oad1ng is presented.

Thesis Supervisor: T .Proféssor Fred Moavénzadeh‘

- Title: Associate Professor of Civil Enginéering
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I. INTRODUCTION

A pavement's function as a highway component is
manifold. It is designed and constructed to provide safe,
durable, smooth and economical Highway-surfaces which
would make possible the swift and convenient transportation
of the individual and his’commerce. The present design |
of such facilities is based largely on experience ex-
pressed in the form of correlationsvbetween soll type,
traffic, base course character, and thickness., Although
these methods have met with reasonable success in the
past, the rapid increaseé in the number of heavy axle
loads and in the variety of subgrades that.must support
them have outrun past experience. 'Therefore, a'design
method that combines theory with empiricism to a lesser

degree 1is needed.

,
N

The developmenﬁ of a rational method‘hnalysis
of any system must include certain brocedures ef which
the selection and analysis of a model (or prototype) for
realistie input parameters constitute a major part. From
the results of such an analyeis, an intelligent comparison
of the predicted and observed output parameters can be
made, The degree of discrepancy.between these will
then result in the determination of the extent of modi-
ficétion to be made on the originally selected model, After
a sufficient number of executions of these comparison
eycles, the results predicted by the model and those

observed from the prototype should ideally converge,
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To provide such a prbtotype for desigﬁ, it is
Angdessary‘thét the pavement be first rationally analyzed;
’khowledge of the design fqgations and failure mechanisms é?f//
of the pavement must be Secured. This>study considers the
failure aspect'of the problem with a view to identifying
_ the pertinent failure mechanisms.

An initial review of current knowledge in this area,
has revealed that the performance 6an pavement structure
in a given traffic and climatic environment may be defined
as its ability to provide an acceptable level of Ser-
viceability¥*, with a specified degree of Reliability¥* for
an assumed level of Maintainability*. The impairment or
loss in the ability to provide the hecessary services in
a given locale may then be considered as the 'failure!
| of the pavemeht. When viewed in this iight, 'failure’
becomes a loss ‘in performance; it is_the extent to which
the pévement has failed to render itself serviceable, (i.e.,
the serviceablility level has decreased by a critical amount
from an initially acceptable state); it results from an accu-
mulafion of damage over a given time period,

- Since the responsevof the structure to imposed
loads is not only time, but also ﬁemperature dependent,
"physical failure' excluding slipperiness, can be considered
as occurring over a rahge of stress-strain-time - and tempera-

ture conditions;' The failure age of the pavement within such

a context is then, the time ; -
\}“"\- Com, vl b

ds e S ey

%
Defined in Appendix ( B), 8



during which performance deteriorates to an unacceptable
level as determinéd by the users; |

Society's-pérceptions aé regards to how well a
.pavement is performihg its stated functions are determined
by the ﬁsers of the hjghway; and the highway engineers,
The user assesses or evaluatés the performaﬁce of the
pavement from factors suéh as operational costs, comfort,
convenience and safety; These factors are intangible
or difficult to quantify; because aAperson's Judgment
as to the type of service he is recei&ing from a highway
is highiy subjective, It depends on the one hand on the
vehicle and its physical requiremenfs'and on the other
by the individual using the vehicle, his physical and
psychological needs, For example; the conclusions
arrived at (as regards thé adequacy of the structure)
from someone driving a'jeep would not be the same as that
for the same person or someone else'driving a heavily-
loaded intercity truck; nor,for‘an intercity traveler
and a man visiting his neighbor on the next block,

The relative importance would also beAdifferent
for a person who has been accustomed all his 1life to
muddy-rural roads and one who has been accustomed to
paved city-streets, Therefore, it will be impossible in»
suéh a framework to define failure precisely and a |
performance evaluation, if any, may be expected to be

highly subjective,



From the enéinéers' viewpoint, other and more
ﬂsignificant‘factgrs have to be considered in the evaluation,r
of pavement adequacy. They havé to evaluate-performance
from a Qareful consideration of the otjective physical
parameters that affect the response behavior of the
facility.

In this respect, factors such as the frictional
characteristics, the type of geometric design, the mechan-
ical properties of materials in the‘layers, the extent of
deformation and cracking, etc., of the pavement under
load and environment are pertinent., It is therefore
apparent that a system of cqrrelation is needed to trans-
late the subjective conclusions of the users to the physi-
cally 6bjective manifestations of such conclusions. From
such a mechanism, the performaﬁce history of a pavement
in a given environment‘can'be obtained and realistic
maintainability aSseséments can be made. Since there may
be many combinations of v§riables that can satisfy certain
performanée requirements, the most suitable can be chosen
after the optimization of thé Serviceability-~Reliability-
Mgintainability characteristics of the problems at hand.

This brief discussion of failure shows that
failure is a many-sided problem, It is the result of a
series of interacting complex processes none of which
is clearly understood, Therefore, in order to present an
integrated comprehensive picture of failure, each of its
components has to be studied in detail., From such studies,
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methbds may be developed fér analyzing the effeét that
~"eé¢h componént has on the behavior of the Structure;‘
Fihally, all of these methods may be‘grouped'together in
a meaningful way so that for any‘givénvenvironment; the
performance history of a pavement can be predicted, 1In
such‘a framework, the faiiure of a pavement may be con-
sidered as a function of its rideability, safety, and
structural integrity, This study'investigates 'failure!'
from'the "Structural Integrity" viewpoint and it must be
emphasized that this is only one aspect of the 'failure!
problem,

1. - The Structural Integrity of the Pavement

The structural integrity of a pavement may be
defined as its ability to resist destruction and functional
impairment in a particilar traffic and climatic envirén—
ment, Indicators or measures of structural integrity may
theréfore be expressed in the primary and ultimate re-
sponse modes of the structure using Hudson et alg{s chabr-
acterization (Figure 1), In the primary reSponse‘regime,
one can use factors like the magnitude of developed stress,
deflection, strain and permanent deformation, whereas in
the ultimate response mode, the extent of rupture, disin-
tegration and distortion can be utilized.

Since it is known that parameters like the speed
of loading, téﬁperature, position of the load, previous
subgrade type, etc., affect the response behavior of the

facility, it should be equally obvious that these factors

11



will also affect its etructﬁral integrity as defined above.

In other words, the indicators of structural in-
adequacy are the manifestations of the physical failure‘
of the facility, in the particuler load; temperature and
material property environment, It is therefore pertinent
to ask whether analytical modéE, mathematical or other-

wise could be foundrtomaecountrfer_the_mannerrin which a
particular load-temperature-material property-environment
would affect the performance of the layered structure., To
the writer's knowledge, no such all-inclusive model is in
| exlstence at the present time (1969).

This study attempts to analyze the progression of
failure within a pavement structure by linking its primary
and ultimate response behavior through the use of two mathe-
matical models of the prototype - a primary response ﬁodel
-and a cumulative damage hodel.

It hes been observed in the field that deflection
accumulates with the number of load repetitions and tﬁe
magnitude of this variable also changes depending on area
of interest, on speed of loading and temperature, The
response behavior of these models must therefore be time-
and-temperature dependent., To repfesent such behavior,
the structure is assumed to be composed of three layers,
each ofvwhich may possess time end temperature dependent
properties,

In the primary response mode, therefore, cumulative

effects can be accounted for and the permanent ———mmmmmmmmmmme

12
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deformation can be pfedicted. The modél is capable of
reflecting the influences of the rate of loading, the
magnitude of the applied loéding, material properties and
changes in the depth of the layers on'the indicators of
structural integrity, for arbitrarily selected load bound-
ary/conditions. The conditions investigated in this study
areg | |

| a) a stationary load,

b) a repeated load, and

¢) a moving load,

The influence of the.ratebof loading, its magni-
tude‘and nﬁmber of repetitions is a;so presented and dis-
cussed,

Undér the combined destructive action of the
traffic and the weather, several distress mechanisﬁs'
develop within the structure and propagate either inde;
'pendently of each other or through interacting complex
processes to produce eventually any or all of these broad
vgroups of distress: |

| a) disintegration,
© b) distortion, and
¢) fracture (rupture),
'In order to trace the path of such mechanisms from the
time of initiation, through propagation to that of global
manifestation, a simple but.general cﬁmulative damage

model iskdeveloped. This model is directly related to the

primary response modelvwith which it must be combined

-13



so as to predict the conditions under which ultimate dis-
tress is mostvlikely to occur, In‘other words, the acéuf
mglatiép éf.ﬁamage within fhe_struéturekqver a.given time‘
period is assumed to be commensurate wiphra particular
internal load, energy, stress‘or strain state to;bé de-
termined from the 1o§d boundary'cohdifions on the primary
model, :

Although 1t is realizgd that field behavior results
from a series of_interacﬁing complex processes, and that
all failure meghahisms must be analyzed in order to pre-
sentinot only a realistic but aléo a totally comprehensive
- plcture of failuré behavior, only the distress occurring
as a consequence of the:growth of fatigue cracks has been
investigated. The motivation for doing this stems from
the fact that anwextenéivevamount of work has been done
expérimentally on the fatigue behavior of paving materials.
This makes it possible, to a certain extent, to adopt
certain assumptions as to the manner of damage propagation
in this mode of loading. The damage model is, however,
flexible enough to allow for the influence of the other
failure mechanisms provided that the pertinent failure
pafameters are identified, For tﬁese‘reasons, the work
presented in this thesis must be considered only as a
hecessary and sigﬁificant initial step in the area of
failure., It is not all-inclusive,

The study is presented in five broad sections.

The discussion begins with a'gloselstudy'of the conditions

14



~governing the initiation; pfopagation and attainment of
critical size of the défect area in éngineéring materials
under arbitrary loading historiés: It provides the back-
.grouhd work necessary for thé devélopment of the cumulative
damage model,

| Having established the conditions'govérning the
physical failure of engineering materials in general, the
pavement system is investigéted‘with a view to identifying
the variables which affect its performance and subsequently
bring about ultimate distress in a given environment, On

the basis of the conclusions arrived ét, the primary and
cumulative damage models are developed.

In the section following this development;'the'sensi—
tivity of the primafy model to pertinent variables 1is esta-
‘"blished; an example is then presented of the use of the damage-
model in predicting the fatigue life of the asphaltic con- |
crete in the surface layer of a pavement structure. The
subsequent sections discuss the advantages and disadvantages

of the developed models and suggéstions are made for future

work,
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IT. - PATLURE OF ENGINEERING MATERIALS

The intensive interest that haé'developedoner the
past sevéral'years concerning the accumulation of damage
in engineering materials and étrﬁcturesvhas its roots in
the following qﬁestiohs:

a) the problem of the life prédiction of an engi-
neering matérialbor strﬁdture under an arbi-
trar& load history in a given environment,

b) the amount and distribution of damage in the
material or structure under the arbitrary
loading spectrﬁm mentioned aboﬁ? and,

c) the mannér and rate of accumulation of damage

In order to determine the conditions governing

the faillure of a pavemeﬁt structure in a rational manner,
~ the physicsAof failure must be known.for the materials which
are preconditioned and prestressed froﬁ heavy roilling to
establish definite density and strength requirements for
each.layer. This chapter presents a concept of damage by
examining the processes of fracture and flow in solid mate-
rials, It describes what the damége is, how it manifests
itself and which parameters can be employed to describe it.

'Several observations afe ﬁade about the distribution
and propagation of damage within a material that is under
an arbitrary loading history: Some well known theories

and criteria which‘héve been postulated for the

16



failure of engineering materials are discussed, The damage
of materials 1in a repeated loading environment 1s closely
examined,

Concept of Damage

Damage may be defined as a structure-sensitive pro-
perty of all solid materials; structure sensitivity is
imparted to it through the influence of defects in the form
of microspopic and macroscopic craéks, dislocations and
voids which may have been artificially or naturally intro-
duced into the material, thereby rendering it inhomogenous.
Characteristically, structure sensitive phenomena involve
processes which grow gradually and accelerate rapidly once
an internal irregularity or defect size exceeds a certain
limit, Damage méy thefefore, Ee said to occur in a simllar
fashion, |

JIhe progression of damage in an engineering material
or enginering structure may occur under the application of
uniaxial or multiaxial Stationary or repeated loads. The
damage progression has been categorized by two different
conditions: ductile and brittle., The ductile condition
is operativé if a material has undergone considerable plas-
tic deformation or flow before rupture, The brittle con-
dition, on the éther hand, occurs if localized stress and
energy concentrations cause a separation of atomic bonds
before the occurrence of any appreciable plastic flow..
Note here that no mention is made of a ductile or a brittle

material per se, According to von Kafman (2), this implies
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that faiiure is not in itself a single physical phenomenon,
mbutArather a condition brbught about by several different
prdqessés that may lead to the disintegration of a body
by’the acfidh‘of ﬁechanical forées. Damage may therefore
progress within a material under the different mechanisms
of fracture and flow dependihg on the énvironmental stress,
strain and temperature conditions., For instance, low
carbon steel exhibits fibrous and shear types of ffacture
at room temperature, below -80°C brittle fracture occurs
and integranular creep fracture ié dominant in slow strain-
ing at 600°C and above (3)., A naterial may, therefore,
have several characteristic strength values, when several
fracture mechanisms operate at different critical levels
of the stress or strain components,

Though the mechanisms of damage initiation and
prépagation iﬁ both failure modes* are different, they
have three major points in common: |

a) a particular combination of stress or strain

concentration is required to create a defect
nucleus,
b) a different combination of stress or strain

quantities is then required for the propagation

- In the brittle mode localized stress and energy concen-
trations create cracks which grow within the material
and upon becoming of significant size propagate rapidly.
In ductile materials however, the defects are disloca-
tions, which move slowly until a critical velocity is
attained; then plastic flow results,

18



of the defect and,

| c¢) a critical combinatioh of stress and strain
concentrations is reduired for the transition
from relatively slow to fast propagation to
catastrophic failure, o

The distribution and progression of damage in solid
material is in itself a random process which is both spatial
andvtemporal. Hirata ( 4) working on glass panes;Aand
Joffe ( 5) on pyrexfglaSS filaments concluded that the dis-
tribution of internal cracks must be spatial by demon-
strating considerable variability in the breaking strength
values. of these materials. Yokobori ( 6) in his investi-
~gation of the creep fracture of copper under a uniaxial
load, demqnstrated a considerable scatter in the values of
time to fracture of a group of specimens taken from the same
stock,. Further evidencé of these random processes is to
be found in the works of Yokobori oﬁ fatigue fracture (6 ),
creep frécture and ductile fracture (7A) (8 ), brittle
fracture (9 ) and yielding in steel (9 ).

‘The above concepts of damage progression to failure
suggest that an engineering material or structure can fail
under a given system of external ioadings when either of
the folloWing two criteria is satisfied:

The distribution of inéernal flaws is such that;

1) excessive deformation is attained (usually for

ductile behavidr); or

19



'_2) a fractufe threshold is reached ﬁnder an arbi-
trary loading history (usually for brittle
‘behavior),

From the foregoing discussion, it should be evident
thatvtheAfracture of an :éngineering material is a statis-
tical proceés brought about by the interaction of several
complex mechanisms,

Accordingly, oVérvthe years several reasohs have
been advanced as explanations for the observed behavior of
‘damage' in an engineering material, and basédvon such
explanations several theories have'emerged. Researchers
have approached the problem both deterministically and
statistically from the molecular and macroscopic levels,

On the molecular basis, the differences between the frac-
ture mechanisms involved are emphasized, since at this
level, the material is essentially discontinuous,

On the macro level, the critéria for fracture are
basically similar, and utilize the conceﬁts of continuum
mechanics, The fracture laws are'génerally based on either
local or global ehergy, stress or strain concentrations
within the materiél.

Theories like the Eyring rate process (10) developed
fqrv§iscous materials, Gnauss theory (11) for viscoelastic
materials and Weibull's theory (12) for brittle materials
have attempted to explain on the basis of a statistical
model some of the phenomena observed when materials like

metals, textiles, concrete and others fracture under

20



applied stress, Thé basic assumption 1s that an assemgiy
of unit damage processes grows in a probabilistic way to
yield an observed macroscdpic effect'with temperature fluc-
tuations and activation energy'distributions playing a
significant role,

/‘Weibull (12) studied the manner that probabilistiec
postulations about the size of the specimen would affect
tﬁe fracture strength of a material that fails in a brittle
manner, He assumed that the probability of failure P(oc)
of a_unit volumé as a function of applied stress 9, is

~given by

P(cc) = l~exp[—oc/oo)m] . , (1)

where 9 and m are constants dependént‘On material charac-
téristicé.‘

o, relates to some inherent ultimate strength

m relates to material inhomogeneity. _

Using this approach he showed that thé strength of
a specimen of volume V is proportionai to oOV_l/m;

Though this result has met with some success,
Frenkel and Kontorova (13) claim that Weibull's approach
is devoid of physical reasoning because of his assumption
for P(oc). They assumed that the specimen had flaws dis-
tributed in it in a Gaussian ﬁanner and obtained;

P(o,) = —= exp [-(0 -7)¥2v"] (2)
vou

where ﬁ = mean strength of specimen of volume, V,

21



v = strength variance of specimen of volume, V,
From the above equation for P(oc)vthey determined that the
strengths of specimens with volume V (with many flaws) is

given to a first approximation by

: ' 1 :
Strength = & - (2\)).3. /(log AV - 2Vl'[\ (3)'
where T = number of flaws/cubic centimeter,

- Such statistical theories have a significant advan-
tage over deterministic concepts, becéuse they account for
the role of chance in the behavior of materials, The
Griffith theory (14) for instance, which states that the
reason for the’ldifference between the observed and calcu-
lated strengths is the presence of internal;flaws predicts
the tensile strength of materials that fracture in a brittle
manner under uniaxial and biaxial loading conditions in’
terms of single-crack 1ehgth, a surface energy and a
séﬁ of elastic constants. Hdwever, if the distribution of
flaws is random, then the formulation of the problem is
necessarily statistical,

Despite its shortcomings, the Griffith ﬁheory has
\ been used Quite successfully to predict the occurrence of
brittle fracture in many materials among which areAglass;
cast iron, rocks, asphalts, and polymers. One suspects that
one reéson for this may be the‘balancing of experimental errors,
Continuing in the deterministic'domain, Nadai ( 15)

has demonstrated that previous experience with glass,
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metals and concrete for instance indicates the existence
of no universal criterion to mark the end of damage pro-
.gresslon in the form of fracture and flow, The failure
theories»demonstrate that the degree of‘success of a
~glven criterion dépends upon the material with which it
15 associated, While it may work well for a particular
c;ass of materials, it may fail often quite hopelessly to
predict conditions of failure for‘another class,

An example of this is evident in the use of the

maximum shear stress theoryi;(ISLﬁdistortional theory, (e

(15) the octahedral shear stress theory, (15) all of
which work very well for metals_and can be justified on P(,//
an atomic scale because of the mode of.crystal slip in

a polycrystal, However, theifuapplications to the failure
of materials such as sand, gravel and clay are questionable
because the shear stress necessary for slip in such mate-
rials depends also on hydrostatic pressure, ‘For these
materials, the more dehsely packed the particles, the
harder it is to cause them to slide over one another,
Coulomb treated this as a simple frictional resistance

that is proportional to pressure, He postulated that
plastic deformation will start on a slip plane through

the material whén the normal stress on the plane pro-

duces a frictional component which when coupled with the
molecular cohesive strength of the material results in

the shear resistance of the plane., The outhme of this

was the Mohr-Coulomb theory (16), which has met with

23



reasonable success in soil mechanics, Althoﬁgh, the crite-
?iohwngglepts the influence of the intermediate principal
stress;on failure, Bishop (17) and others have deemed it
a'éatisfactory’first approximatioﬁ for three-dimensional

situations as well,

In many materials, the initiation, pr¢gression and
ultimate manifestation of distress in the form of fractu-
ring under a repeated load occurs under the action ofltwo
separate processes: crack initiation and crackAgrbwth which
are governed by different criteria, In metals, this be-
havior has been attributed to 1oca1izéd slip and plastic
deformation (18), and to the cyclic motion of dislocations.
In commercial alloys, the presence of inclusions, fiaws,
cracks, and stress ralsers creates ¢racks. In polymers
and asphaltic mixtures, the cracks initiate from air holes,
inhomogeneities and probably molecuiar chain orientations
and molecular density distributions (20).

Reéardless of the process of crack initiation, the
mechanism of crack propagation has 5een explained by
many researchers from a consideration of the energy bal-
ance at the crack tip which deforms as cycling progresses,
The total input energy can be divided into that which is
stored, that which is responsible for creating new sur-
faces and that required to deform molecular segments
plastically. The raté of crack propagation is therefore
a function of the energy balance, The propagation is slow

2y



when a considerable amount of flastic deformation(occurs

at the crack tip which as a result of this becomes "blunted",
It is fast when the released portion of the stored energy
exceeds the energy demand for»creating new surféces.

In polymeric and metaliic materials thé crack tip
iS/cyclically "blunted" and resharpened during the cyclic
deformation (18)(3B1). For metals several investigators
have assessed the rate of damage progression by measuring
crack length as a function of number of cycles (21)(22).

| For SAE 1020 steel, Forest (23) has shown that the
progression of damage is exponential in character (Figure
2). When the stress 1eve1 is high, the damage propagation
is rapid, but as lower stress levels are approached, the
crack grows slowly with the number of cycles of load, and
crack acceleration precedes subsequént-failure of the
specimen, It was also observed that when the stress level
is below the endurance limit, the cracks either did not
form or had their.growth arrested, |

| Erickson and WQrk (21) discovered that the history
of load application had a significant influence on the
progression of damage. On the application of a high pre-
stress followed by a low stress the degree of damage created
was greater thaﬁ when the application was vice versa;
The authors explained this occurrence by suggesting that
on the first few cycles of load application, a certain
number and distribution of crack sites form depending on

the stress level, and the application of subsequent loads

25
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'merely céuses propagéﬁion from these sites,.

In.ordér to handle the problem of life prediction
for any material in a given repeéted load environment;
several phenomenological and'molécﬁlar‘theories have
appeared in the literature,

| In some of the molecular theories developed the
statistical'mechanics principles and kinetic feaction‘rates
comcept have been utilized; Coleman (24) and Machlin (25)
employed the Eyring rate process theéry to study respectively
the fatigue dharacteristics of nylon fibers and metals,
The_general expression obtained by Coleman for fatiguellife

is of the following form (24):

t6(Fs2) = a7 (piq) )

€g = constant strain level at fracture
‘ t8-= time to failure
| A,B = constants related to energy
Jo(Biq) = Zéroeth ordef.hyperbolic bessel function

loading function = o(t) = P + g sin wt, P>q

The theory implies that for every material a constant
strain level exists at which fracture will occur, but a
variéty of experimental results shows that this is not the

case, Moreover, it does not account for progressive inter-
nal damage as only failure conditions are represented,

Mott (26) and Orowan (3) have presented fatigue theories
for metals which take into account the fact that plastic

deformation and strain-hardening occurs.during fatigue,
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Mott's theofy attributes the formation of microcracks to
the occurrencé of dislocation within the‘material, Orowan's
assumes the présence of a plastic zone within which a crack
forms and propagates: Both these theories have given good
agreement with eiperimental resulté at times, The discre-
pancy observed is mainly dué to'thé fact that damage is a
stochastic phenomenon whiie the theories are deterministic
in nature; To increase their accuracy a statistical approach
is needed;

Despite the fact that several molecular mechanisms
have been shown to be opgrative during fatigue growth in a
material; one suspects thét the process‘itself may not be that
fundamental in nature; Therefére; instead of searching for
molecular theories; a possible therent'picture can be .found
vfrom tﬁé continuum mechanics aporoach (with certain reservations),

This has been the motivation behind séveral phenom-
enological theofies of §umulative damage - the Miner ﬁheory
(27 ), Corten and Dolan's ( 22). and Valluri's (28 ) to name
a few, The underlying concept in these theories can be
illustrated by the work of Newmark ( 29),

In this approach; it is assumed that when a material
-is in a given load and climatic environment the degree or
percentage of internal damage Di is at any time commensurate
with the appropriate number of load repetitions-Ni; (i.e;; for
,o:pi:}; ojNifﬂA). With this assumption, a damage curve

exists for every constant stress or strain repeated mode
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of 1oading.' Sincé damage 1in efféct—imbiiésithatné igéswin
original capacity can résﬁlt from either the creation and
growth of plaétic zone or the initiation and propagation

of cracks, the strain developed in the material under load,

" the crack length, and the rate of crack growth can all ve

used as damagé determinants.

, The above reasoning 1is cﬁrréntly ﬁtiliséd'in constant
amﬁlitude stréss or strain fatigﬁé téSts:V If avcthtaﬁé
stress amplitude test is taken as an eiample: the resﬁlting
pefcentage of damagé (Di) Vs, thé number of load répétitions
(Ni) curves for various stréSs amplitﬁdés may bé plottéd
uﬁ as shown in Figure 3;

The higher the stress lévél; fhé fewer thé numbér
of load application to failure. When cycle ratios ) are
utiliéed in placé of number 6f cyclés (N) as abciggaT'twb
different plots of damage (Di) Vs, cyclé ratios XEPQ may
result depending upon the constitﬁtion of.thé_matzrial.

The damage law operative in Figﬁré'u is intéraction,
free, 1.e., the fraction of damage instituted in the material,
at all levels of stress 1s thé samé for a_givén cyclé ratio!
Figuré 5; howevér; illustratés thé diréct opposite‘of such
a law. In this figure; the damage law is not dependént on
a given cycle ratio; the fraction of démagé varies dirédtly
with the ctress 1evel: Several damagé theories fall into

one or the other mode of damage accumulation dépending

on the consittution of thé matérial.
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Generally spéaking, the combined effects of démage
and fecoverj processes resulting(from microstructural
changes imply that the damage curve should have different
forms for different stress leveis and’ioading hiétories.
Some damagevtheories, such as those of Miner and Williams,
assume a unlque degree of'damage caused by a stress cycle-
ratio (f) abplied_ at any time, Williams' theory (30)
makes a similar assumption but withvrespect to time-ratios
(%g,'where‘ t = elapsed time from start of experiment, and
Tf is time to failure, In both theories é linear summa-
tion of the ratios results;vat'failure, with the follow-

ing expressions:

n.n, ,
i.e, I (=) = 1 (Miner) and (5)
i=1 N, -
i
n..ti
L (=) =1 (Williams), (6)
i=1 Tfi o
with
n; = number of cycles applied at stress
level-S,
1 .
Ni = number of cycles to failure at stress
level—Si
ti = elapsed time of application of strain
' rate 1evel--R:.L
Tf’-= elapsed time to failure at strain
i

rate level—Ri
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| Both theories have‘a major shorteoming in that priof history
énd,éequenCé of events cannot be accounted for, Despite this
shdrtcoming, Minert's theory has been successful when épplied
to'ratefiﬁsensitive materials, 'Williaﬁs' theory had similar
success When used for rate-sensitive materials, In Corten
and Dolan's theory (22) the'damaging effect under a stress‘
cygle is cthidered dependent on the state of damage at any

instant, and the expression for damage is

Dy = mrN& (7)

where
N = number of cycles
r = coefficient of damage propagation which is
‘a function of stress level
a = damage rate at a_given stress level which
increases ﬁith number of cycles
m = nﬁmber of damage nuclei
The Corten and Dolen approach is a rational attempt
to modify Miner's theory, The determination of the signi-
ficant parameters 'm' and 'r', however, requires the per-
formance of a considerable number of experiments.. In the
simplest case, where the loading'history can be character-
ized by two sinusoidal stress conditions, the parameters
'f' aﬁd 'm' may take on many éifferent values depending upon
the absolute magnitudes of the two sinusoids and their
relative relationships, In addition, rate effects cannot

be adequately accounted for, Consequently in terms of
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usefulness over a wide class of materials and circumstance,'
the,Miner tHeory is preferable, - ~— o o TT T
Several researchers (31)(32)(33) have related the
kraté of.cféck_growth to the lpcalized energy and elastic
stress‘conditions existing at the crack tip. The expres- -
sion obtained when this ffaéture mechanics approach is

‘used can be given in general form, as-

“de _ , k& ’
N = Ac'o (8)

where

A,k,%2 are constants and‘

.

¢ = crack length,
o = stress at tip of crack;
N = number of load cycles,

The constants k,%, are dependent on the properties
of thé material tested, and on the boundary conditions of
the problem in question (31)(32)(33). Lin (34) noted
that when £2=2°0 and k=1°0; the plastic zone-size ahead of
the crack tip is small in comparison with the crack length
and specimen thickness, Paris and Erdogan (32) foﬁnd that
theAusé of values 2°0 and 4°0 for X and & respectively
yielded good agreement with experimental results., Paris
(78) by considering the energy dissipated per cycle of
blbad application as being proportional to the plastic
zone-size ahead of the crack tip found

S | (9)
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where‘
G = A (K = A c%"
W.'= energy dissipated
A = constant
c,=.crack length
o] =‘stress at crack tip4
K = stress—intensity factor = 'o2cl
it is evident that thesé analyses have attempted to
take rate effects into account in an indirect manner,
When conditions of fracture are brittle in nature; then
these analyses are accurate, However;,in the presence of
tearing action; the property of the material changes with
time and thereby affects the}corresponding response behavior
to application of 1oad,ﬁaﬁd such analyses cannot account
for this kind of behavior, Despite these shortcomings;
analyses of this type are attractive‘in thé sense that the
fatigue process has been linked to microbhenomena on a
phenomenological basis,
In order to take rate effects, order effects and
prior history effects into account Dong (35) postulated
a cumulative damage>theory to predict the life of a mate-
rigl under anyvarbitrary 1oading history, His assumptions
‘were:
1) ‘the material is undergoing an arbitrary loading
history

2) 1life has full value at zero history and zero
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Avélue at failure,
7f3)A.temperature conditions are.isothermal; and
L) damage and recovery procésses can be accounted
_ for, |

The mathematical expression obtained is

LR : (L) = _f[YiJ(T)] | - - (10)
Lo ) P TTeo L V .
where
= life remaining in the material at time

L(t)
-t , after damage has accumulated dur-

ing -mijip,

T = generic time,
t = present time,
- qij>;_any set of'yariables that can be used
| to'describe loading history;
f[A] = damage functional,

This theory can account fo'r the effect of prior
history and sequence of'eVents in damage behavior because
the damage functional represents an 1nf1n1te series ex-

lirnear ord

..... pansion of heredltary integrals of th Znon linear type

t :
2(t) = I (t T)Yls(T)df g S TR T T

' - f leqkl (7} T 2) (Z;)Xl‘d (z‘)‘dz' dzl

. VJS;;w"i | -



life at zero history,

ct
=
I i

¢ = time to failure,

B k=,1inear damage kernel,
1 ' .
Bi = non-linear damage kernels for i>1l, and
/ the rest of the expression represents cumulative

: damage which is zero for t=0 and equal to one at
failure, when t=tf. |
The damage behavior of any rate-dependent or rate-
independent material can be predicted under any arbitrary
loading history using this approach, In the fatigue load-
ing mode however, it can be shown that when a special form
is chosen for the linear kernel Bl,bthé‘Miner and Williams
theories are recoverable (35), This shows that the inabil-
ity of Miner and Williams's theories to demonstrate the
~influence of prior history and sequence of events on fail-
ure is due to the restrictive form of their démage kernels,
The above discussion on the damage created within
a material in the repeated 1oading mode lends much credence
to the general proposition that its manner of accumulation
is a consequence of the fact that engineering materials
~and structures are inhomogeneous, Under load, various
regions of stress concentration exist within the material,
and because of its inhomogeneous nature, a distribution
of strengths is created such that some regions are weaker

than others; When the strength of a weak region is exceeded

-1t is quite possible that a crack may initiate and cause
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a redistribution of stresses with attendant crack formation
in other regions. As the load is repeatedly applied they
’propagate and :grow tb a size which eVentually renders the
material or structure unserviceable, When this event
occurs, fatigue damage is completed,

/ In light of the several important observations that
havé been made in regard to cumulative damage in the repeated
loaaing mode, there are a few substantial points to remem-
ber in the course of developing a cumulative damage theory
for any material or structure:

a) Damage is a function of the inherent inhomoge~
neity of materials and structures; its initi-
ation, progression; and'attainment of a criti-
cal magnitude are therefore stochastic pro-
cesses, |

b) For a,giveﬁ temperature; damage sites are nu-
cleated under unique stress or strain condi-
ﬁions within the material, They propagate
underVStréss or strain states different from
initial conditions until a critical state is
reached,

c) The state of damage at any time'is a function
of ‘the material property and load history.
i.e.; damaée is not unique; it is a function
of stress level aﬁd microstructural changes

within the material,
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d) Assumptions have to be made.regafding the.manner
in which damage propagates; and regarding the
parameters utilized to delineate its progres-
sion, The damage surface is essentially ex-

/ ponential in most materials, but the charac-

! teristics of the surface héve to be determined
frpm the stress and microstrﬁctural conditions
existing in the material under load, For
instance; if stress, sfrain, time and tempera-
ture conditions within the material are such
that brittle fracture is warranted, then the
rate of damage accumulation is one of fast

~growth to failure., If a tearing kind of frac-
ture is warranted, gradual accumulation of
damage is experienced,.

The next question that arises in view of the basic
premise of this investigation is the possiﬁility of develop-
ing a cumulative theory of damage for ﬁavement structﬁres
composed of different engineering materials, ﬁtilizing the
basic concepts of damage progression presented above., Such
a theory may be able to bridge the rather wide gap between
states of loading in the field and the relatively simple
experiments on a mathematical model of the structure, The
ability of the structure to adjust itself to these loadings
should yield in syﬁbolic terms, with some degree of reli-

ability; the relationships between the external loadings
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I/

aﬁd the phyéical'consténts whichfméasuré the competence
of the Systém: To do this;xit Will‘be:necesséryvto know
how a pavément'fails in practicey, The information thus
collected ﬁust be interpreted in the light of the failure.
mechanisms governing the bérformance of the materials
comprising the pavement, When this is done; an adequate
failure theory will begin to emerge. To this end the
performance of a pavement structure in a repeated loading
environment is examined in the next chapter within the

context of internal damage development;
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III, ' CLASSIFICATION OF PAVEMENTS BASED ON MECHANICAL

-REéédNéE~AND715ENTIF10ATiON70F'TﬁE/?ARAMETERS30F'bAMAGE

The'responsé’of a pavement structure in a given
load and climatic environment has been dividéd for the pur-
poses of analysis; into the priﬁary-résponse and ultimate
response modes;;_(See Chapter I). This approach allows
the categorization of pavement éystems according to their
manner of resisting structural impairment in the given
environment; It further helps to identify and clarify the
parameters responsible for intefhal damage progression,
The classification»consisﬁs of three separate categories
of pavement systems: the frictional type, the flexural
type and the frictiona1~flexural type. Before discussing

the delineation of the mechanics of such a categorization;
it is necessary that the concept of damage be first‘pre-
sented;

Figure 6 is a simplified two dimensional simulation
of the varilation in the performance level of a pavement
structure with increasing timé or number of load repeti-
tions in a given énvironment; The‘figure simply demon-
strates that the performance 1evél of the structure
diminishes in some manner until extensive repalr 1is
neéded ( 1 ).

The curve indicates that under the combined

stochastic action of traffic and the weather, pockets of
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local distress are created within the system -~ the primary

response., Thesé propagate 1in a manner which depends upon

the composition of the materials in the‘layérs, and bring
about a loss in structural integrity with the passage

L
leVel of performance as determined by users of the

Qf/kime; The base level B. represents an unacceptable

facility and characterises the time at which the extent
of rupture and disintegration become intolerable -- the
uitimate response, At ény instantAof time ti; Pi repre-
sents a level of performance; and associated with it is
the degree of damage D; which has developed within the
structure over the period of time ¢t ¥1O to ¢ =~ti;

| Using the base line BL as a base of operations
for fhe facility; the figure demonstrates that at zero
»time; or zero history of load applications; P, and Di'
have values equal to 1,0 and o,o; respectively, This
means that initially the life remaining in the facility
is one hundred percent of its full value, At anytime
ti under the combined destructive action of the traffic
and the weather, inernal damage develops and the remalning
life is less than the initial value, |

The intégrity level of the structure at any instant

t; is therefore 1,0 minus the amount of damage accumulated

within that time.
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ie. | ?‘i(t;‘i) = 1-D, (%),

or . 1 = Py(ty) * D, (t3) - (12)

In view of the discussion on damage 1n Chaptér II;v
the concepts ofvserViceability; reliability; and maintain—
ability discussed in Chapter I, and the obsérvations of the
properties of paving materials (36“); it is obvious that
the quantities Piand Di are probabilistic in nature. Thus;
depending on the temporal and spatial distributions of
damage within the structure the,real instantaneous per-
formance level will be on, below; or above the drawn
curve, This means that each point on the éurve has a
probability of occurrence and a frequency distribution
: ‘of values associated with it and this fact must always

. be aqknowledged; |

Thekpreceding discussion was conducted in the two-
dimensional domain, with the intent of illustrating pre-
cisely and clearly in a simple mathematical way; the manner
in which damage accumulates in a pavement structure in a
,given fraffic and climatic énvironment; The real picture
is, however; more complex; The observed response of
the structure depends on rate-effects (36 )(37 ); the
position and magnitude of the applied load (38 ); climate

(39 ); materials type'(38_); previous traffic history (38 ),
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temperature (38 )h and constrhctional.variables ( 41).

.It ‘can therefore be llnear or non-linear dependlng upon

the manner in Whlch these variables comblne If the system
behavior can be characterlsed as linearly or non-linearly
-elastic;.plaStic or'viscbelastie;Tthefresponsefﬁill’have
similar‘characteristics:' Then‘at any point ti in time a

'performance surface'! which is a function of these variables

exists such that its inverse 1is a 'damage surface!,

i.e. P, (RJ,XJ,YJ,M HJ,'I‘ C...) = 1-D (Rj,XJ,YJ,M HJ,T c...)

where portion of surface utilized by time tj

= rate effects

L I B v
(ST I

= coordinates of load

= material properties
previous traffic history

= constructional variables

u o = =
[}

j = portion of damage surface utilized by time tj
Within this context; at any instant; and at some

point on the surface; a prediction of the percentage of

total 1life already used and that remaining within the

structure can be made; Therefore, the damage surface as

well as the performance surface is n-dimensional with
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 constructiQn; maintenanée, load and environmental para-
mgters play;ng a significant roielin its.detérmination;
’The deVelobment of,sﬁcﬁ”é sﬁrfaée”is not immediately
possiblé:.AThis;'however; does not mean that the problem
is intractable;_bécausé the ﬁossibility of reducing 'n!
may ekist; " In faét such a technique is used in the
development of yield surfaces for~metals: The yield
surface 1is poStulated to be a function of the stress
tensor, its derivatives; and a work hardening term (42 ),
However; because of the difficulty_experienced in develop-
ing the surface certain approximations are made and the
yield surface is expressed only as a function of either
a stress or strain tensor., The pavement area does not
preclude the application of a similar technique; and the
"initial stages in the dévelopment of such an approach to
the damage problem is discussed in this thesis,

All the significant factors that have a role to
play in internal damage pfogression can be_generally |
accourted for, providing that they are translatéd; through
the properties of the layer materials and the response
behavior of the pavement structure for a given quality
of construction and maintenance operations; into stress
and strain quantities; In otﬁer words;'the magnitude
énd type of the stress and strain concentration (tensile

or shear) within the pavement structure is a function of
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.not'pnly.the,chéracteristics of.thelappliéd.load,but.
also ofvthe spatial distributiéﬁ of layér material pro;
perties and local defects, A know.i'édge of the material
properties yields information on the kind of structﬁralt
responééterxpectI From such information'pdstulations
can be made about the manner of internal damage progression,
This techniqﬁe fakes iﬁto considération thé.twd most
significant structural properties - material propertieé'
and response behavior - which reflect the_influence of
all the others: It can therefore be used to classify
pavements into three broad groups - the frictional
_group; the flexural group and the frictional-flexural
_group - so that the stress-strain parameters of damage
progression in each group can be identified:

The friétional—typé pavement is composed of granular
materials in which load transfer océurs at interparticle
contact points by purely frictional action. The deform-
ation that takes place under load is purely of the sheér
or flow type; and for each application of the load a
permanent deformétion results. Such pavement structures;
~generally require é thin type bf wearing course which
can deflect conveniently with the rest of the structure
under repeated loading. In order to protect the under-
lying materials; the wearing course ghould possess good

ductile properties as opposed to brittle properties
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sinée@tppghness'in.this‘éase is more important than
ftensile'strehgth: HowéVer;then the deformation becomés
eXcessive: éfaéké may appear in théisdrfaée due to the
péndomly distributed cumulative shear action in thersubQ
.grade; Therefore; in a friétional—type péVement; damage
can be considered to develop as a result of shear action,
Consequently the'damagé parameter must somehdwrbe'ésso;
ciated with shear stresses and shear strains; |
In a flexural-type pavement; the materials in the
layers are capable of resisting-ﬁhe applied load
through the action of tenslile stresses which develop as
a result of the flexing action. This implies that
bending is the only mode of deférmation and upon the
repeated application of load, repeated flexing resﬁlts.
In such aApaﬁement, fatigue action is very important,
and though the overall shear supporf of the components
is adequate; cracks develop very early due to the accumu-
lation of tensile strains, These propagate slowly or
rapidly in a random manner depending on the properties
of the layer matérials and the rate. of the repeated
flexing action, The fatigue properties of the materials
in the layers are therefore a prime concern during the
design stage of such,facilities: Damage in such pave-
vments is propagated in the fatigue loading mode under

the action of tensile stresses and tensile strains,

by
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iTheLthird type of pavement-posseSSes,bOthjfrictional
band,fleXural.matérials; Its s%ructural integrity.under
repeated load is impaired by the destructive tensile and
shear action that is manifested within the layer-com-
ponents; It is-concéivabie that if one action tensile or
shear should dominate in creating démage within the struc-
ture; the'failare would occur in that mode; On the other
hand; it is also possible that both actions may play a
significant role during the life of the facility depending
upon the environmental cbnditions;' The damage parameter
is; therefore; associated with both tensile and shear
stresses and strains; e

Thé above classification of pavements accounts for
all types of pavements'curfently in existence ( 40): It
also makes possible the tractability of the damage pro-
.greséion within such struqtures; One’pan'generally say
that the damage 'build—up{ occurs in three different modes,
When the behavior of the pavement structure 1is completely
frictional; damage initiatesvand progresses by plastic
or shear fiow until the appearance of surface cracks termi-
nates or aégravates the situatioﬁ. When flexural behavior
is pertinént the damage; initiation and progression occur
. by the development and growth of internal‘cracks; under:

the action of tensile stresses and strains, However,
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in the frlctlonal flexural type of pavement the'damage”
initlates and progresses by shear flow and/or by crack
egrowthj ,Consequently a pavement.structure may show s;ghs
of distress eiﬁheﬁ‘ffom the independent aetion of excessive
deformations;.the ieolated actibﬁ of ffatigue'; or from
bofﬁ'failﬁre”mechaniSme working togethef; -‘This indicates
that in order to analyze the response behavior of a
pavement structure and predict the failure behavior; a
number of models which would account for such behavior
inca given traffic and climatic environment should be
developed,
At the present time, three such models seem to be
appropriate:
a) A quel is needed for the representation of the
linear and non-linear behavior of paving
-Imterials; | |
b) The pavement system must be modeled in terms of
the geometrics of the applied load and the
structure so that the utilization of the former
model within such a framework will aid in the
prediction of the developed stresses and strains
in a given environment and;
¢) A model that must be capabie'of handling linear

and non-linear damage behavior,
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~iFinally; in order to achieve realistic predictions,

it is.esséntialﬂﬁo.combine thesé‘modeIS'in a probabilistic

manner,,sinceithe‘prqgressioh of damage as has been demon-
strated is stochastic in nature,.
In this study, only the linear and deterministic

aspects of pavement behavior are investigated as a first

e ————al I

approximation, Two models are developed: the first
accounts fof the primary structurél fesponse as defined

in Chapter I by using models 'é'}and 'b' above to pre-
dict the maénitude ofrthe developed stresses and dis-
placements under stated boundary conditions; the second
establishes the link between the primary apd ulbtimate
response behaviors through the use of model 'c', Although
model fc!' - the cumulative damage model - 1s general enough
to treat failure in anj mode, the example presented con-
siders only failure in fatigue, This failure mechanism

is used because of the availability of'experimental data
in the literature;

1."Pavement‘ModeIS'for‘Primafy‘response.

All models that have been developed for the analysis
of stresses and displacements of'pavement structures fall
into two principal categories: those concerned with the
elastic aﬁalysis of a half spéce and those concerned with
the viscoelastic analysis? 'These analyses; in'general;

have been based on thé"assUmption that the half space
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.is:éqmpqsed gf
a) a liﬂéar elastic, homogenedﬁs; and isotropic
material of semi-infinite depth, and, |
“b) aAsysfem of~layer$; eéch'of which may be linear
- elastic or viscoelastic: hom@geneous; isotropic
and inAgeneral weightleSS:
It has been assumed onvoccasion that either confinuity,of
displacements (free friction) or ébseﬁce'of sheér;stresses
exist at the interfaces of‘the'laiers; |
| .The simpleSt’model;.the hombgeneous half-space, is
one in which no change in material properties occurs
witg depth or with.horizontal extent, Boussinesq (43 )
initially solved the problem of a point load on a homo-
- geneous half.space in 1885; His work was subsequently
modified by various authors ( 44) (.M5); until Alvin
and Ulery (46 ) presented a comprehensive table for the
stresses and displacement at any arbitrary point in a half-
space.under a uniformly distributed circular 1oad; for
arbitrary Poisson's Ratio.
The homogeneous half-space has;‘since that time; been
used extensively by several investigators as that repre-
~senting a layered paVement structﬁre. The shortcomings of

such an assumption are readily obvious., Though the model

is relativéiy simple to use; it lacks the capability of
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.accqﬁnting_for theithickness.of the layefs.and the quality
of thé materials:émployed in the chstfﬁction-pf a real
pavemént strﬁcture: In ordéf td,acc0uﬁt_for,thése'variables
in the'matematicai model; semi-infinite:bodies.composed
of distinctly different materials in 1aye£ed form are used
and thé'disfribution of the strésseqund displacement -
induced in thém by a variety of load andvdiSplécement
boundary conditions are analyzed: |

The analyses of layered half-space systems can be
categorized in two groups; those involving rigdrous
elastic theory; and those involving plate behavior of the
top layer. These two analyses are'significantly different
as resuit of the dissimilarity of the boundary conditions
used, |

Westergaard ( 47) developed the initial solutipns
for an elastic plate resting on an élastic subgrade which
could undergo only vertical displacemehts or provide
vertical reactions (a Winkler foundation), Since then;
several modified forms of his‘method have appeared in
the literature,

- The first solution for both a two-layer and a three-
layer system using the éiastic theory was given by»Bur—
mister (48 )., He obtained his solution by assuming the
éXistence of a stress function involving Bessel functions

and exponéntiaIS'from which he was able to develop and
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present the general equations and salution_fpr»?éth two
aﬁd threeqléyehéd syétéms; withffhé.constantépfor.the.tOp_
iayer-also,éValdatéd. | -
VThejuse‘bf a layered elastic system as'ammathematical
model for a pa?ement'strﬁctﬁré has been qﬁite.extensive,
and several of the preSéntly.available.design methods for
flgxible‘pavéméﬁté'are indeéd based upon sﬁeﬁwgnalyses
( 49), This model takes care of the.shortcomings_of the
homogeneous halfuspace: The'thickness of the layers
and the propertiés of the materials from which‘the layers
are made are showd to be significant in the calculation
of the developed stresses and displacementé.
The model is based upon the assumption that each
layer is composed of a linear elastic material; and
the elastic constants of the linear elastic material; and
ﬁhe elastic constants of the layeréiare the only pro-
perties that enter into the analysis, .This has resulted
in several discrepancies ﬁhen models of this type are
used either to predict the performance'of a reél pave-
ment or to evaluate the suitability of different materials
for use in the pavement structuré; Among these are the
incapability‘qf the model to account for rate effects; and
" the accumulation of.deflectioﬁ: | |
It has been shown thaf the majority of conventional

paving materials are not purely élastic,‘and their
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meohanical‘response'is;generally;time dependent (36) (38).
This indicates that the response of such materials -
depends npon their entire loading history}, To account :
for this time dependency; use is made of the theories of
linear v1scoelabtlclty for both the characterlzatlon of
the paving materials and the development of mathematlcal
model for stress analysis in paVementAstructures (50 ) (51)
(52 ).

The viscoelastic models for the analysis of stress
and displacement in a pavement structure differ from
those of layered elastic systeme only in the material
characterization used for each layer: Thefgeometry;
bonndary conditions and loading functions are exactly
similar in the two models. Such similarities»between.
the models have resulted in the development of a techni-
que;-known as the correspondence principle; whereby the
solutions to the elastic problems can be used to obtain
the viscoelastic solutions of the same problem, |

The technique of solution presented in the initial
parts of the primary model development in this thesis
is that of Ashton and Moavenzadeh ( 54); Parts of their
work have therefore been used intact to keep the'necessary
continuity of the presentation, The analysis of the

stresses and displacement in a three-layer system 1s
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forﬁulated;following BurmisterJStapprQaéh{u The formu-
iationé'are;first’préséntedrfqrvelastic systems énd then
for viscoéléétic'Systemsgfor‘theLstated.boundary condi-
tions: A.detailed4description'of thé‘model'isrgiven in

Chapter IV,

2. Modél ‘r‘Ultiﬁété Reéponse‘Mode.

The pavementsdiscussed in this section belong to
the frictional-flexural group and aré”therefore réprésénta-
tive of many current pavémept sections, In this type of
structure 'fatigue' damage occuré in the surface layer
which by our classification; behaves in a flexural
manner; The culmination of this kind of action is the
appearance of alligator ~crack patterns randomly distri-
buted on the surface of the structure, This subsequently
leads to the rapid deterioration of the entire pavement
structure due to either the resulting relatively large
increase in the transmitted stresses or the penetration
of water into the underlying materials.

The occurrence of fatigue in pavements has been
observed or noted for a considerablj long period of time.
Porter (55 ) in 1942 observed that pavements do in fact
- undergo fatigue; In 1953; Nijboer and Van der Poel (56 )
related fatigue cracks to the bending stresses caused by

moving wheel loads. Hveem ( 57) also correlated the
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performance. of fleXible'paVements.Withideflections - R

under: various repeated axle loads. - The AASHO & WASHO
tests (39 ) confirmed thesé~obsérvations by relating the
cracking and initial_failure'of'pavements;td repeated
lo%ding of the type,discussed.by,Seed et:.al; (58)

~ The field observations of this kind of behavior led
to the laboratory investigation; Many researchers have
conducted laboratory experiments so as to determine the
fatigue properties of paving materials and to ilnvestigate
the possibility of extrapolating laboratory results to
existing field conditions; To this end; Hennes & Chen
(59 ) conducted tests on asphaltvbeams'reSting on steel
springs and subjected to sinusoidal deformation with a
variety Qf constant amplitude magnitudes. They discoyered
that as the frequency of applications is increased, the
creep-rupture compliance of the materiél decreases; On
the conduction of similar testé by Hveem (57 ), on beams
cut from actual pavemehts the same results were obtained.

Monismith ( 60) in his tests on asphalt beams

supported on flexible diaphragms mounted on springs under
constant stress amplitudes discovered that increases in
the stiffness of the material resulted in correspbnding
increases in fatigue'life; Saal and Pell (61 ) conducted

similaf téSts.from which the tensile strain to failure
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(eT) versus the number of cycles to failure, or fatigﬁe

-16

life‘(Nf) relation, was found to be N, = 1,44 x 10

by
(l/eT)G. Thgy further found'that‘this expression.does not
vary with.temperature, rate of ldading énd type of

asphalt, These results are not surprising since one should
expect such factors to affect the deﬁeloped stresses}and

not the strains through the_stiffness of the material._ For
the mixtures tested, no endurance limit was observed up

108 applications, as is to be expectéd, since the mode

of failure is one of crack initiation and propagation to
failure at each stress level, The general conclusion

arrived at by several authors from such tests indicate

that the fatigue 1life of an asphaltic paving material

is a fuhction of several variables -~ the tensile strain level
Fig,7 (62 ) to wﬁich the specimen is subjected, the

' amount .of asphalt, the ége §f the mixture, temperatqre, the

stiffness of the mixﬁure, its density and void ratio;

Mode of Loading: Another impbrtant factor in such tests is

the mode of loading. In controlled-stress tests for example,
fatigue 1life increases not only as the stiffnéss of the sample
increases, but also as the temperature decreases, However,

in sﬁrain-controlled_tests, the fatigue 1life decreases as

stiffness increases; for this test, at low
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temperaturesan4QhangeLis’obseﬁvéd in fatigue 1life énd
asntémpenature.incréases,theffatigﬁélliféLincrea;eS'as'
well ( 63) (6&‘) (’65)l Controlled stress and strain be-
havior can be,explained'from@,COnsiderationbof either the
time;tempefature.superposition principle;of the amount,

of energy stored in thé'sample Whén.sﬁch tesfs'are'performed.
In controlled,stfeSS'teéts the minimum energy stored per
load repetition can be achieved by minimizing deflection

and causing a resultant increaée'in,fatigue.1ife; In
controlled strain tests the feverse'is true: This implies
that for a specimen of a given initial stiffness and'
initial strain; failure under a controlled stress mode

of loading will occur sooner: Therefore; when extrapolating
kboratory results to field conditions such considerations
have a significant role to play; In other words; what is
the mode of loading in the field? IS it controlled stress;
controlled strain or a mode between the'ﬁwo extremes?
Answers to such questions have been obtained by Monismith

( 67) who throughbthe‘use of a mode factor suggested that
for surface 1ayeré less than 2" thick, the controlled

strain mode of loading resulﬁs; while for those layers

6" thick or_greater; the'controlled.stréss’mode'of loading
is applicable: For thickness between;theSe; an intermediate

modé'of loading is appropriate..
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‘Tests have also been performed on granular and other

paving materials so as to determine the significant char-

acteristics of their behavior under repeated loading--(Fig. 8)

- (58) .(66). The results of such tests generally indicate

the importance of the duration of stress application

aﬁﬁ rate of deformation, the frequency of load application.

(57), tﬁe type of aggregate and percentage of material
péssing the number 200 sieve (58), the voidvrat102(58),
degree of saturation andvconfining pressure and stress
level on the response behavior>of the soil when measured
by a quantity called the resilient modulus (the resilient
modulus is defined as the diviatoric stress divided by
the recoverable strain), o

For untreated granular ﬁaterials, Monismith et@;alg

.

(58) suggested an expression to define the influence of

'stress conditions on the modulus of resilient deformafion.

T,
P |

o _ L
M = 4 = ch or K(8)" - (13)
€r
where

Mr = Resilient Modulus

K = constant

6 = 01 + °, + 03 (principal stresses)

n, n' = constants -
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]

q - repeated axial deviator stress

.. e ”
r

resilient axial strainucqrrésponding.to:a
f'sﬁécific hﬁmbér of load'applicationS: 

“Although this 1s an empirical expression it;vh0weVer,
points. up the important factAthéﬁ.théZreSponselof.granular
and'tréated'materialsvin pavement sedtionS‘dépénds ﬁpon
thé'chéracteristics*of the applied‘loading; the material
and the existing confining stress. Since the stresses
due to load vary in bbth’the.vertical and horizontal
- directions in a pavement section; the influence of stress
on resilience must bé.propefly accounted for to adequately
predict the deformation characteristics of the pavement
section., The model or method used for the determination
of'the developed stresses in the pévement must account
for this observed behavior:

It would appear; thefefore; from the foregoing review
that one would first determine the fatigue properties
of the ﬁertinent layer materials under conditions re-
pfesentative of moving traffic and environmental conditions
before using a cumulative damage thédry;

Several authors have used the elastic theqry»as a
first approximation tobpredict'thé obServéd behavior of
asphaltic;_granular;'and the untreated.granﬁlar material
in a movingbtraffic énvironment: The results have not

been successful because of time and temperatﬁre'dependentv
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behavidr of paving materials, The viScoeléstic analysis

"aiséuééédviﬁ;fhe'féilowiﬁé'séétiohwwaulé pfbvideré>bétter‘4uw

means of evaluating the stresses in the pavement sections,.
Another important development from the laboratory

results 1s the attempt to make use df.the‘eXperimentél

results to predict the occurrenée of fatigue damage in

a real pavement structure, To this end, the.fracture

in the field has been attributed to tensile action in

the bottom of the pavement Fig, 9 (67), and the damage;

determinant has been labelled as the tensile strain level,

In general, the results of controlled-strain tests have been

represented, after statistical analysis, as:

N

K(1/¢)™ ' (14)

~ N = service life (number of load applications

to reach a particular level of damage),

£ = magnitude of the tensile strain repeatedly
applied,

n = constant

K = constant dependent on:
a) temperature
b) asphalt stiffness
c) asphalt source

d) aggregate characteristics
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-ThiS'reSult'wasuihoWeVer obtained from simple [

Zloading tests in which the 1oad oonditlon remains un-

_.changed throughout the. 1ns of the spec1men Since the'

real 1oad1ng condition represents a spectrum of load

magnitudes repetitlvely applied in a random fashion
compound loading considerations must beimade; ' Deacon

and Monismith ( 69);.snggested a modification of the
usual Miner's theory of linear summation of oycle»ratios;
They point out that such an approach‘has the desirable
features of procednral simplicity;-a wide range of appli-
cability to different types of compound loading; minimum
data reqnirements; preferably of a simple loading

natnrer a theoretical basis and predictive accuracy;

Their ana1y81s however is rather difficult to interpret,

Also, the sequencevof events and prior history cannot be

accounted for in such an approach as was indicated in

Chapter II,

.To summarize the foregolng discussion, it would appear

that if the tensile strain level in the'surface layer is

the damage determinant, then a mechanism of ascertalning

the strain under various wheel load magnitudes 1s desired.

Using this model and a cumulative damage theOry in which

- the fatigue characteristics have been represented, the

prediction of the probable1serviceﬂlifelcan be made by

determining the time or the numberlof,load repetitions
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at which'thé.degreé}of damage_in,the,Surfaceﬁlayer,reaches
_gnity;..Theimodels ﬂEVEIopéd.ta.do.thisvare-presented and

discussed in theinéxt'tWOfchaptehs:
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IV, * THE 'PRI’MA’RY’ -‘M'OD‘EL

The geometrical model that.was selected as repre-
sentative of the pavement for this invéstigation is a
multiylayéred;.Sémi-infinite half space consisting of three
distinct 1ayers'as shown in Figure10>. It is assumed
that each layer has distinct matefial properties which
can be characterized as linear elastic - or linear visco-
elastic depending on the problem that is being considered.
The variables of interesf are the components of the
stress tensor -and the displaceméntvVector,at'any point
in the system. The load is consideﬁed to be'uniform;
normal to the surface; and acting over a circular area;
The following load conditions are considered;

l; A stationary load is applied and maintained at
the same region of the surface for an infinite
period of time,

2; The same load of_step 1l is then repeatedly
applied with a specified frequency to the same
area on the surface of the pavement,

3, The single wheel load of step 1 is made to

travel at a constant velocity V along a straight
path on the surface of the system (Figurell ).

For each of these loading conditions, the components
of the stress:tensor and the displacement vector induced
at any point in the system can be determined, The expres-—

sionsso obtained for the normal vertical deflection
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" are presented in detail for loading conditions 2 and 3.¥

ihOse'determinéd,fof,theiotheh components. of the
stress tensor and dispiécémént vector ﬁnder.loading
condition 1 - are also presented in detail, This is in
ke%ping with the assumption that these variables can be
utilized as indicators of structural integrity in the |
Primary RéSponse Mode of the'systemj-

The problem in'general; excluding the stationary
loading case;_is a dynamic problem and the inertial
terms, if significant should be added to the equations
of motion, The effects of the inertial terms; however,
become of significant importance when the velocity V
of the motion is of the order of magnitude of the dis-
tortional or the dilational wave velocity of the hedium.
For linear viscoelastic materials (70 ) the distortioﬁal
velocity is v = (G{O}/f)l/2 where G{O} and F are respectively
the initial value of the shear relaxation modulus and the
density of the material. When V/v << 1, the inertial
terms are negligible and the analysié can be conducted
in a quasi-static condition; This condition is assumed

applicable to .the problem discussed.in this study.

¥This does not in any way detract from thefgénerality
of the method to be presented, as the other stress
and defléétion varilables can.be determined in the same

manner,
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In order‘to.qbtainvthe_viscoelastic,solution_for
theAStresses:and»displacementsgfor,thé.Various.loading
,conditionﬁ'cdnéidéred; thé'éonréspbndence'principle is
utilized: This principle states that if.thé elastic con-
étants in fhe elaétic solutions. to a_gi?én.boundary
problem are replaced by operator forms of thé'stress~
,strainvrelations; then the viscoelastic solution will be
obtained.

The above principle was used by Ashton and Moaven-
zadeh ( 54) to obtain the viscoelastic solution for the
stresses and displacements induced in a three layer visco-
elastic system subjected to a stationary load, It was
then subsequently modified; in this work by using the
principles of the response of initially relaxed linear
systems to imposed excitations to obtain the solutions
for the moving and repeated load hiétory conditibns;

This method of analysis has been sélected largely
because the viscoelastic behavior of the system materials
can be realisticélly represented by stress~strain relations
of the linear and non-aging type; such as hereditary
integrals. The steps involved in -its application to a
boundary value problem as the one considered in this

thesis can be concisely stated as follows:

63

o



‘1;‘“The elastic solution for the surface deflection
of the system due to a statlonary applied load
is first obtalned (s4 ), -

C 2. 'The,"correspondence'prlnciple".is applied to the
above solution in the form of hereditary inte-
/ _grals for the stress-strain relatlons to obtain
/ the viscoelastic solutions (54 ),

. 3, The expressions for the surfacefdefledtion due
to the repeated and moving loads are then deve~
loped through the use of Duhamel's superposition
integral for linear systems ( 71),.

The elastic analysis for layered systems has been
formulated by several authbrs using basically Burmister's
approach: An explicit statement of ﬁhe‘constants in-
volved is presented in reference ( 72) for the three-layer
systemI |

In the following analysis, Poisson's ration has been
taken equal to 1/2 in each layer (bulk modulus infinite):
This assumption has been made because‘of the simplifica- 1
tions that result in the numerical computation;

Assuming an axi-symmetric load distribution; the
solution to the equations of stress-strain relationships;
equilibrium; compatibility; strain—dispiacement for a
'general incompréssible symmetrical elastic body can be
written in terms of s sﬁress function ¢ in the following

form,

64



Stress Components:

o, = 1,577 - 2287
- 8z ' 3z2

LB sygeg o 2%

or—*'qu)““—;],

°Z or

o}
o 97z r ar
o Cn2
Tpy =,~§{.5V2¢ - 229
or ' 9z?

Displacement Components:

W: +—-___...._.
E 31”2 rar
. 2,
u= - 1.5 3 ¢
E 3roz
where
a2 . 2
y2= 00 4, L 8, 38
9r?  r or 3z?

= [ 5y2¢ - L3287

(vertical stress) (15)

(radial stress) - (16)

(circumferential stress)( 17)

(shear stress) N 18)

(vertical displacement) ( 19)

(radial displacement) ( 20)

If the stress function ¢ is chosen in the following

form

¢ = J,(mr)[Ae™” - Be

M2+ cge™ - Dze™™]  (21)
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,,f;_}ge_.'.c_’gmpatibi.lity, equation ¥?¢ = 0 is identically satis-
fied, o “ |
. The éxpré§sibns_for stressésﬁénd displaCeménts.can
be, found by substituting equation (@1:) into,equationé

(15) through (20).

Boundary'Conditfoné

The boundary conditions for the lower layer are
that all stresses and displacements go to zero when z
becomes infinite, This results in A = C = 0; for this
layer as 1is evidenced by the form of ¢; At the surface;

the boundary conditions are that the shearihg stress

must be zero

T =0 , (22)

z=--Hl

and that the normal stress is given, for a uniform circular

load of magnitude g and radius a as

o

., % —qa JOJO(m#) Jl(ma)dm (23)

z=—Hl

It will be convenient to use an incremental load
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t = o
oy | Jo(mr)J
Z=--Hl

1 (ma) : 28

and then integrate-the final expressions from o to «
wlth respect to m, and multiply this result by ga, which
will then yleld the same result. |

The remaining boundary conditions involve the con-
tinuity at the interfaces between the iayersw At each
interface four conditions must be imposed. Assuming
continuity of the displacements, vertical stress, and
shear stress across an interface, the boundary conditions

between layers i and i + 1 are

We o= Wi (vertical displacement) (25 )
Ug = Uggq (radial displacemen@) (26 )
o] =0 (vertical stress) (57 )
Zy Zit1 27
T =1 : (shear stress) (28 )
rz,
rzy i+1 :

¥ oé is not a real stress since it does not have dimen-
sions of stress., However, its use in this context is

obvious,
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"For an n - layer system, equations (25 ) to (28 )
yield 4n-4 equations. In addition, the tﬁo equations
(22 ) and (23 ) are available for the surface layer, and

*the"two'constants in the bottom layer are zero, Thus a
total of Un-2 equations in UYn-2 unknowns must be solved,
For a three;layer sjstem this will be ten equations in |
ten unknowns, .

The values of these constants‘can then be substitu-
ted into the expressions for the stresses and displace-
ments, ‘These expressions can be rewritten in terms of
~geometry and the elastic constants in‘the following sim-
plified form for each layer,

18

0] i 9% 3
j=1 1, ,J 3J .
o = Jo(mr)Ji(ma) - ( 29)
i . . 0.0, .
DR R W
J=1
18
| J.E 9,,1,5%,3
), = J (mr)J (ma) ! ( 30)
i 1 1 9
Y 0O0.0. .
J=1 Jal’J
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18

% ¢ . L0
. . j= . 3,1,,3_ 1,J
g! = J (mr)J;(ma) 1
r, o 3
LI 0,0,
g=1 9
18
.AJl(mr)Jl(ma),jfl ¢E,i,jai,j
mr 9
z 0.0,
J=1 Jsd
. 18
3 (mr)d (ma) .E ®s.1.3%.j/E
Wt = Yo ‘94 i= 5= s i
i 9
m
z 0.0,
J=1 Jtsd
18 '
_ X L0, .
ut .J&(mr)Ji(ma)jzl ¢5,1,J l,J/Ei
) L
m )X 0.0.
J=1 Jtsd
where
# m=1,
. = L A ' i=1.
¢mslaJ k=3 qk,l,;] mak J=1.
as,j' - az,j j=1
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@ =0 | J =10,..18 (36)

ani/theixm k'S are defined in Table 1., ( 72)
3
/ To obtain the elastic solution under a uniform cir-
cular load, the above stresses andkdisplacements must be
integrated from zero to infinity with respect to m, and
multiplied by ga. For example, the normal stress at any

off-set r is given, for a uniform circular load of radius

a and intensity q, as follows,

18 »
x O .
. o =y ?1,1,3 1,d
o, = qa J Jo(mr)Jl(ma) - dm ( 37)
i .
© % G.ai .
J:l J ’J

Viscoelastic Formulation

For the viscoelastic case, the time variation of the
loading must be specified, In this case, the normal stress

boundary condition will be taken as

5 - qa J 7 ()T (ma)am H(t) ( 38)
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where H(t).is the Heaviside step function such that

H(t)

I
-

t20

H(t) = 0 £<0

Again the ihcremental load

o} = Jo(nu%a(ma)H(t) ( 39)

will be considered, and then the final result will be
integrated from 0 to « with respect to m, énd then
multiplied by ga, to yield the viscoelastic solution
under a uniform load,

Since in the elastic solutions, eguations (29 ) to
(37 ), the Bessel functions appear as multipliers to the
summation-over-summation terms, and since these Bessel
functions vary only with m.for a given geometry, it will
be useful to treat the elastic solutions in thé following

forms.

Define:

(=

8
z . .B...H(t
= -¢k,1,381,3 (t)

Py 4 (m,t) = 2 (40 )

3

™M

B.a., .
J=1 J tsd
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where

By g =0y k < U | ( 41)
/ Bi,j = ai,j/Ei k > 14 ( uz)
C® ) = ()T (ma) (43)
L 1 -0 1 :

@ [(m) = 7 (me)J (ma) Cuy)

Then the time-varying elastic solutions are given as follows:

0, (1) = aa [©, )y, ;6 man (15)
Trz.(t) = qa J @@](m)wz i(t,m)dm ‘ ' ( 46)
1 @] . > .
© (H) (m) :
o, (t) = qa J (@ (m)y 4 (E,m) +<EL3——~ p, 4 (t,m) Jam
T3 o ! s mr #s

[ ®,m

wi(t) = ws ;1 (t,m)dm (u8)
© m ’ )
_ “® _(m)
u; () = qa JO<§LZ~?_ v i(t>m)dm

m > ( 49)

72

A7)



' The’Application‘of'the'Correspondence'Priﬁciple: In order

to obtain the viscoelastic solution, all that is needed

is to obtain the corresponding wk,i(t’m) fqr the visco-
elastic case, since the QD J.(m) terms do not vary in

tiﬁe. But the wk,i(t,m) terms for the elastic case are

in a form which permits the formulation of an integral
guation for the viscoelastic solution as a function of time
for a given value of m, From the solution of this equation
for appropriate m, the total solution can be obtained by
numerical integration of the equations ( 45) to ( h9).

Since each layer of the sysfem.is assumed to be in-
compressible, then one constitutive relationship is suffi-
cient to define the viscoelastic equation of state of each
layer, This constitutive equation is éssumed in terms of
a viscoelastic equivalent to the elastic compliancé. That
is,

>

for the ith layer,

te- aDr.(t_T)
= [Dr.(C)( )~J ( )2 dt] ( 50)

1
Ei (equiv.) i o) 9T

In the following, Dr (t) will be denoted simply by Di(t)
i

since it is clear from the contex? what is implied,
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By substituting the above operator expressions for
each elastic constant; the integral equation for wk i(t,m)
o s

for the viscoelastic case can be written as

2o (m) I Jt (m, - 1) oy 3% g s (m,t)a, . (0)]
. (m . \m, T~ 2 -dt + . (m, -
Js1 Y o+‘p.k’1 ' R AT
-
18
= I,y miey 00 (51)

J=1

in which ¢ J.(t) is a three-fold convolution integral
: b

of the following form [for - a , = 1/E_E

1] EuEV) in the

t

elastic case]

(t) It D (t-1) —2 JT D, (t x)'a JA' D (A )aDV(p) a
o . . -T — —_ — -p ) o)
15 o+ S 9T o+ t ax Jo+ U ap

+ Du(X)DV(O)dX + Dt(T)Du(O)DV(O)dT (52)

+ D (£)D(0)D,(0)D,(0)
and

t Bul l(E)
as’j(t) = az’j(t) = Io+ Dw(t—i)——g§-—— dg + Dw(t)al,l(o)
(53)

with Dw(b) = D2(t) and 1=j for j<3, and Dw(t) =

D'(t) and 1 = j-9 for j>9.

T4

{



By 5(8) =

t

o

si,é(t)‘= I +Pi

. (T ) <
al’J( ) for k < 4

aai (&)
(t-£)—22d g + D, (t)ay j(o) for k > 4

dE s
6y )

The solution of the integral equation (51) is fully

described in Appendix I (71 . In order to formulate

solutions for the repeated and moving loads, it will be

necessary to introduce the principle of the response of

linear systems to imposed excitations.

The response of

linear systems to imposed excitations

A linear
behavior can be
differential or
this means that

proportional to

system may bevdefined as one whose mechanical
adequately described by a set of linear
linear integral equations, Physically,

the response of the syétem is directly

the magnitude of the agent causing it., A

purely linear elastic material is considered a linear system,

because its response is directly proportional to the input

function. The ‘'constant!' of proportionality, between the

input and output (response) functions of the system, is

defined as a material property "variable" or a '"system

function", This function is a property of all linear

systems, and when input functions of known geometrical

and time configurations are coupled with it, the desired
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system responses are subsequently obtained,

Linear SystemS: Considering the input function to a linear

system to be given by I(t), and ﬁhe output function by 0(t),
with the additional assumption that the system is initially
relaxed (i.e., there is no initial stored energy), the
system function h(t), can be defined using linear inte-

- gral operators like the Laplace or the Fourier transform
(73). Besides the use of integral operators differ-

ential operators may also be used; When intégral

operators such as the Laplace transform are used, the
relationship between the input function and‘the output

function is given by .

ns) = 2(8) (55)
I(s)

m(s) = L) | (56)
0(s)

where from equations (55 ) and (56 )

[h(s)1lh'(s)] =1

h{(s) is the s-multiplied transform of h(t),
0(s) is the Laplace transform of 0(t),

I(s) is the Laplace transform of I(t)

S is the Laplace transform parameter
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The‘relaxation function bf a linear viscoeiastic
material is an example of a system function, It may be
detegmined from a unlaxial relaxation test in which a
conséant strain, e(t) = eoH(t), is applied to a cylin-
~drically shaped speciment of the linear material and the

time variatibnrofAthe stress o(t) 1is measured, The
o(t)

relaxation function, E_(t), 1is defined as E_(t) =
r r
_ eoH(t)

The input function for this example is the constant
strain, e(t) = ¢ H(t), and the output function is the
time varying stress, o(t), In theiLéplace domain the

relationship between Er(t)’ o(t), and e(t) is given by

B (s) = U8 : (57
r () 57

m

il

where E'r(s)
o(s)
e(s)

s-multiplied transform of Er(t>“

Laplace transform of o(t) and

Laplace transform of e(t),.

The equations ( 55) to ( 57) illustrate that when the
input function is. a unit step function (i.e,. i(t) or
e(t) = H(t)), the response function is the same as the

system fuuction,

When a specimen of this material is subjected to

“general time varying strain, e(t), the sytem function
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E.(t), can be used to obtain the time varying stress re-
sponse o(t).

“In the Laplace domain,

[ e(s) =B (s) e(s) = s B (s) e(s) .... (58)

which once inverted into the»time'domain,

results in the well-known Duhamel Integral (74 ),

t .
o(t) = I E,r(t.-r)%‘f—(l‘)— dT (59)
T

This expression could be obtained directly in the
time domain by using the Boltzman superposition principle
C71). -
| The above operations therefore disclose the siéni—
ficant fact that the‘system function can be used to obtain
theresponse function of a linear viscoelastic material,
when the input function is any time varying load. These
same techniques can be used, but with a slight modifica-
tion, for the response analysis of structures composed of

linear viscoelastic materials,

The System Function for Linear Structures

In most cases, linear materials are used in struc-

tures in such a way that the resulting equations describing
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the response of the structure to mechanical excitations

are linear, In such cases, the structure can be considered
as a linear system and 1ts response to a general time-
va#ying load may be evaluated from its response to a step
1oéding. To elaborate on this point a little further, one
can within this framework define two important functions
which play a major role in the response mode of the linear
system,

The first of these méy be called the Response
Function of the structure, It is the response of the
system to a step loading (i.e., a load whose magnitude is
constant with respect to time) of magnitude other than
unity. When the step load has unit magnitude, thén the
response of the structure may be called a System Function,
which is dependent on the material properties as well
~as the geometric features and boundary conditions of the
structure or system, | | |

Consider an initially relaxed linear structure with

a step response SR(t) (i.e the response to a load whose

<
magnitude is a constant with respect to time), According
to the definitibns‘given above, SR(t) is a system function
for a unit load input UF(t) = H(t), and a Response Function
for a load of any ofher magnitude, UF(t) = UFOH(t). The

response P (t) of this structure to any other time-varying
o
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load P(t) with a time configuration other than that of

a’step load, can be obtained by superposition through the

-use of the Boltzmann principle as follows:

/ if SR(t)

where SR(t)

UF(t)

UF(t)
then,

P (t)
where PS(t)

Ps(t)‘becomes a Characteristic System Function, L,

T-= %
Lﬁ}F(t)Jr =15 UF* (60 )
2 T 2

= .

system function = L° when,
2

H(t) and a response function when

UF _H(t).
t 5 :

'J SR(t-1) —-ZP(t1)dT (61)
o= 9T ,

response of system to load P(t), with
time configuration different from that
of a step load, with SR(t) defined as

above whichever is appropriate.
1,cS

under any mode of loading (repeated, moving, or otherwise),

when SR(t) in equation (61 ) is the same as the System

Function nL;,

There are, therefore, three important

functions to be reckoned with when a linear strucure

is being analyzed - The System Function, The Character-

istic System Function and the Response Function,

The repeated-load response of the three layer visco-

elastic system investigated in this study was obtained

¥

Lg is an integral operétor of the relaxation or creep type.
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through the use of equation ( 61) with

Ps(t)' "the repeated load response

" BR(t)

 the”Response'FunctiQn of the system,
and
P(t) = the time-configuration of the repeated

load. ' -

To obtain the Characteristic System Function for the
moving load, the same equation was utilized but this time

with the following ohangés,

It

Ps(t) the Characteristic System Function,

SR(t)

LZ = the System Function, and

P(t) = time configuration of the moving load,

" Application to Moving Toad Problem

This section illustrates the technique of application
of the principle just discussed, towards formulating the
solution for the normal deflection at any point in the
three-layer linear viscoelastic structure shown in
Figure 11,

The analytical expression arfived at for the normal
_deflection at any polnt of the thfee—layer linear elastic
" half-space that is under a uniformly distributed stationary

load is given on the next page.
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, o) (m) - |
0

. m

where @ (m) = J(mr) 3 (ma) = Bessel functions

w‘l’e(t,m)

material propérty constant of
elastic response,

@ = intensity of load,

a = radius of the 1oaded»area,

m = dummy variable and,

We(R;Z,t) elastic normal deflection at time

for a point with coordinates R,Z,

The derivation of the above equation was discussed in' the
earlier parts of this chapter. When the correspondence
principle-is applied to this elastic solution, a visco-
elastic solution for the normal deflection is obtained.
In this solution, the Viscéelasfic response is given by
the viscoelastic counterpart, Wv(t,m), of the elastic

" system response, Te(t,m). »The Viscoelasticvsolution_

may therefore be written as

W (R,Z,t) = q.aJo ;_iﬁnlwv(t,m)dm - (63)

£ The subscript t'e!' and 'v!' respectively refer to elastic

and viscoelastic response.
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"<:l(m)

where, q,a———= are defined as previously and
m _
wv(R;Z,t) = viscoelastic normal deflec-

tion at time t, for a point
with coordinates R,Z
In this formulation (équation (63)) the variable
controlling the response ofrthe‘system to a step load of
unit magnitude is wv(t;m) - the Systeﬁ Function that pro-
ducing the excitation is (:Z(m). The term 'qga' is merely
a multiplier, WV(R;Z;t) is the Response Function of the
rsystem.. The moving load solution at any point in the
system can be obtained. by utilizing'eQuation (61) in which

SR (t) is now the System Function - y_(t,m).

' MOVing‘Load‘Sdlution

In equation (63); Which is the stationary load
solutibn for the vertical deflection; the step incremental
'lowiégﬁno is the product of two Bessel functions. If the
stationéry load were to move with a constant velocity V
along a stfaight path on the sufface (Figure 11), then the
~argument R in the function J,(mR) should become Rth where
R is the offset distance of the load at zero time;rAThe
incrémental load exciting the system will now have the
form Jy(m{R-Vt}) J;(ma), Since J;(ma) is a constant and
does does not enter the integration over the time variables,
it can be dropped from the loading function, Therefore the
incremental load exciting the system will hereafter be

referred to as Jo(m{R-Vt}) for simplicity.
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Using the coﬁcept of the responée of linear systems
MtoliﬁposédueXcitations;~the'characteristib* system function
for the moving load wmo(t;m) may be obtained from the
system function wv(tsm) (due to fhe stationafy load) and
the excitation Jo(m{R—Vt}) as

3

. t v
Yo (Em) = f = Jo(r'n{R-Vt})‘ Yy, (t-t,m) dt (64)
_ o—" ,

The vertical deflection (at any point in the system) due

to the moving load can then be expressed as:

W, (R,2,8) = ano Lama) y (tymyam (65)

an expression which ié obtained after makming the appro-
priate substitution in équation (63)., The deflection
which results from loading the systém in the manner des-
cribed above; is caused by aﬂsuperposiﬁion of effects as
shown in Appendix (D), Thé integral on the right hand
side of equation (65) can be humerically evaluéted using
Simpson's rule, The same approach can be utilized to
obtain the other components.of the stress tensor and

deflection vector at any point in the system.

Page (©¢)

L
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Method of Evaluation of Moving Load: Selutien

Thére aré two steps involvéd in this ﬁethod of
evaluation: 4
&) the integral (64) is first evaluated and;
/ b) the results obtained in (a) are later used

to evaluate intégral (65)

The integral (64) is evaluated using a finite
difference méthod of intégration aftér the systém function
wv(t;m) has been représented by a seriés 6f éxponential
terms; The reason for this éhoicé of sériés of ekponéntial
terms is the fact that wv(t,m) is eithér a monotonically
increasing or decreasing function of time — a property
also possessed by ekponentials: wv(t;m) has this time-
behavior because it is a raﬁional function of viscoéléstic
functions which are themselves monotonically increasiﬁg
or decreaéing in time, Furthermore, an expansion of the
type mentioned above has been suggested by Schapery (53)
and many others to repfesent creép and relaxation functions
which are similarly monotonically increasing or decreasing
functions of time.

The numerical experiments performed in a computer
(IBM 360/L0) have shown‘vefy good agreement between the
actual values of wv(t,m) and those calculated'using the

exponential. series



representation; The coefficients Gi of this series are
~determined using the least squares, curve-fit method dis-
cussed in Appendix (II) of reference (71)._.Tablés’(AII_1)
and (ATI-2) and Figures (ATT-1) and (AII-2) of Appendix
(AII); show the comparison of the results obtained,

/  The integral (65) is evaluated using Simpson's
_rule and a parabolic interpolation, The method of para-
bolic interpolation is described in detail in Reference
(71). The wmo(t;m) terms are first evaluated for each
time t; for 13 values of m; and an interpolation is
performed so as to obtain‘ninety—one values of the integral
expression; for m varying between 0. and 9m»(and spaced

% .
0.1m apart) , Each of these ninety-one values is multi-

plied‘by the corresponding Bessel term

©J1 (ma)
m

in equation (65) and the integral is evaluated, The
resﬁit so obtained is a normalized result for the deflec-
tion due to a moving load, This is achieved by using a
factor H,, (i,e‘; the height of the first layer) to reduce
the geometrical variables of the system to dimensionless
terms, and dividiﬁg the functions WM(Rgz;t) by a factor of

QHiDgpp (in which q and Hy are’defined &8 previously, .
3. . - e ai : .

/The values of wmo(t,m) from 9m+» were not included since,
when the integral expression was evaluated, this portion
of integral made a negligible to Wy, (R,Z,t).
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DCBP3@Q$3the magnitude of the creep function of the third
layer.at infinity). The use of dimensionless parameters
~greatly reduces the volume of computational work,'aﬁd
simplifies the input to the compﬁter pfogrém.writtenito

evaluate the integral;

The Repeated Load Solution

The vertical deflection W_(R,Z,t) obtained from
the stationary load is a response function of the system,
Since the system is 1inear;ithe vertical deflection due
to a repeated load Q(t) will be given by

t

We(R,Z,5) = J 'Egsél)wS(R;z;t_T)dT (66)

O—

| The time configuration used for Q(t) in this

study'is shown in Figure (12), This-usage does not place
- any restricﬁion on the method; as any other time-configura-’
tion can be chosenI The halfusihe wave with rest periods
was selected largely because of its realistic simulation
of the load application on a three-layer viscoelastic
pavement structure,

The following definitions apply to Figure 12,

T = time at the beginning or at/the end of the

repeated load application;

T(J) T(J-1) + duration of loading (for J (even)

iA‘Ve’ ’. J = 2 .’.}4 .," IA 0‘)
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T(J+1)

T(J-1) + period of loading (for J (even)
i.‘.eC -’ J=2 -’Au’r‘ »“‘ & )

'Q(t).; the time configuration of the exciting
. _force where
: '{ sin wt for T(J-1)<t<T(J)
Q(t) = ' ' ‘

o for T(J)<t<T(J+1)

Method of Evalustion of Repeated Load Solution

To facilitate computation non-dimensionalized terms
are utilizedrin the computer program that was written to
evaluate the integral (66). The function Wq(R,Z,t) is
non-dimensionalized by a'factorl quDCRPa(w), where q
is as defined previously; H, is the héight of the first
layer; and DCRPa(w) is the magnitude of creep function
of the third 1éyer at infinity, Equation (66) can be

written as
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e
RO

S vy Wg(R,Z,8-1). dt
V.(R,Z,t) = sin wft (67)
RYsTe T o= T QH,D ()
“"1YCRP;3 " -
It w cos wt W (R Z,t-1) d
- [ _ wt W4 $ L T=T T
5~
where
Wi = the dimensionless deflection factor
due to the stationary 1oad;
| Wﬁ = the dimensionless deflection factor

due
If the function

the Dirichét series

to the repeated load,

Wy (R,Z,t-1) is approximated by

L2

e—(t-T)Gi

n
r G,
- i

i=1
using a least squares curve method (71), the Gi's are the
coefficients determined from the set of simultaneous
equations which result when the‘Gi's are chosen in a

particular way (53). Equation (67) then becomes

t n —(twrj5
Wr(R.Z.t) = [ w cos wt & G.e i
R 57 8 - . i dT
o i=1
t
n —tél TSi
= I Gie W cos WT e dt (68)

i=1 o
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R

t T8, :
- The integral J cos wrte Tdt can be expressed as

a sum of integrals, © When this 1s done, equation (68)

_becomes

/ ' n L (ty T8,
wR(R,Z,t) = I G,e w I I cos wte At
=1 i=2

. (69)

for j even,
This expression can be evaluated after L repetitions
of load at any specified frequency. The same technique
is utilized to obtain the solutions of the other stress
and displacement variables of the systeﬁ.
The next chapter discusées the development of the

cumulative damage model,
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V. THE GENERAL CUMULATIVE DAMAGE THEORY

A qumulétive damage theory 1is developed to account
for the progressive deterioration of a pavement System in
different failure modes, This theory utilizes the basic
concepts presented by Dong (35) in his theory of cumulative
daﬁage.
| It is assumed that a fixed distribution of weak
regions exist within the structure and that damage in the
form of cracks, and/or 'plastic' zone formations progresses
from each region in the same manner, The theory is there-
fore deterministic in its approach and if the statistical
method is to be used the necessary modifications must be
made, The basic assumptions and the mathematical formu-
lation of the general theory are:

1., The materials in the structure and the
structure itself are subjected to an arbitrary load
history in the‘form of a stress tensor; a strain tensor;
or their derivatives, -

In the most general case, all these tensors can be
independent functions in the functional responsible for
causing damage in the structure, For our discussibn,
only a simple case is considered, i.e,, the functional
causing damége is a function of the history of the tensor
C)jj - which can be of the stress or strain type.

2, The materials 1n the structure are non-aging; and

temperature conditions are isothermal,
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3, The accumulation of damage and its recovery
can be accounted for,
i, The life remaining in the structufe has full
--value at zero history of~loading; and no value at failure;
When these assumptions are made; the damage functional

may be written in the following form:

s=5

) d | | B
Ay5(8) = F ['E;@ij(s).] | ( 70 )

S=n

where Aij(S) is the concenﬁration or intensity of damage
in a given volume, at any 'St',

F is a functional of damage in'the form of the deriva-
tive of(ﬁ}ij(s)'with respect to 's'; |

s 1s the generic value of f'3', and

S is the value of a parameter which represents
the unit in which damage is accumulated, (e,g.; number
of load repetitions, time; ete,). Svis non-decreasing with
time,

The expression (70) indicates that at any instant 'St
the degree of damage.accumulated in the material depends
on the rate of change of‘@Dij(s) with réspect to tst invthe
interval -«<s<S,

The functional, F, can be expanded into an in-

finite series of hereditary integrals as follows:
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s S

. V S
: - _ ..‘a ) . . ' ‘

Ayg(8) = Jsij(s_s-l);:@)ij(s,l)dslf [ J einlgs_sl,s_sg
. : 1 L)

poY) .00

- 8 - -.a
;““@ij(sl)‘_“‘“ ®Kl(s2)dslds2 + PR + 6“6 864 ( 71 )
s 9s -
1 2
where Bij and Binl are damage kernels,
éDjj(Sl)’ G§K1(82) are arbitrary histories of the

damage tensors,
The above expression can be written in one-dimensional

form, for ease of discussion and use, with no loss of

~generality: S
S 'S S
_ 9 : , )
A(S) = IBl(S—sl)—~— (7 (sl)dsl+J IB2(S—81, S—sz)———@D(sl)
0 le - —o_00 le

S S
;@(82)dslds2 +00‘+o‘l+ [“‘IBN(S_S].,“.’S-SN)
2 -— 00 —0
2@ (s, 2@ (s)as.. .5y | ( 72)
le ‘ BSN : : ‘

The set of integrals illustrates that a cause C_
applied av any instant Sn modifies the effect produced

by a cause Ck applied at an instant S providing néy. The

k,
contribution of the incrementa(:7 (sl) to the damage -

accumulation is glven by the damage kernel Bl(S~sl),
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that for a comblnatlon 8(:)(3 ) 8(j>(52) is glven by
B, (S5 2,8- ,) and so on, '

B8 ) is a linear damage kernel and is thus

1 (

i@dependent of the magnitudekof'aﬂit(sl); and the manner

in which it is applied; When convolved with 8(:7(31),

however; history-effects are present in the results ob-

tained, .Thé kernel therefore represents physical linearity.
The kernels B,( )... By ( ), are non-linear

kernels, They depend on the history of the application

of the quantity a(®) (s;).... 3@ (s ). As a result of

this, these kernels aocoﬁnt for any physical nonlinearity

that a material might display under an arbitrary

| loading history. o | '

The arguments (S-s,, S-s S-sn) in the B, functions,

1 2

for 1>1, are symmetrical with respect to each other; this

insures that the equations will be form-invariant with res-

pectvto s, and consequentlyAguarantees_material symmetry,
Using the damage'functional as defined aboVe; the

life remaining in a given region of the.material or structure

at any time for which the independent variable causing the

damage has a value C)(S) is given by

1,(S) = L + A(S) O (73)

value of life in a given region of the

where lR(S) =
.. material at any 'St,

L = value of life in a given region of the
materlal or structure at zero history of loading,
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A(S) = the concentration of damage in a given
region at any 'S' .

In normalized form we will have

1(s) = 2+ BEL =y o 4 28 (74)
L Af 'Af

1(S) = value of life at any S in percent of total
life of the structure or material

Af = maximum concentration of damage in a given

volume of the material or structure

Equation (74) indicates that at zero history of
loading, the life remaining is one—hundfed percent of its
full value. At faiiure, it is zero percent and at any
other time between zero history of loading and time of

failure life is at some percentage between zero and hundred.

i.e., 1(0) = 1,0 for S = 0, no loading

1(Sf) = 0,0 for S = S failure

f’

0.0 < 1(S) < 1.0 for 0<S<Sf

Implicit in the use of the damage functional
is the fact that a damége curve, a. failure curve, a damage
sqrface or a failure surface, each depending on the
choice ofé% (one-dimensional, two-dimensional, or three-
dimensional respectively), is not necessarily unique.
Various histories may yield different failure

curves or surfaces, Linear and non-linear damage
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beﬁavior can be handled. <Fina11y; and most importantly,
for a.giveﬁ damage surface or curve; the effect of the
s§quence of events and prior history can be aécounted for,
—(See equation 80).

The discussion abo?e_gives.veryvgenerally the frame-
work within.whiéh the cumulative damage theory has been
developed, The manner in which itlmay be utilized to analyze
the failure of pavement systems (as a result of crack forma-

tions by repeated loading) is described beiow.

Determination of ()

In Chapter III, pavement systems were broadly
classified according to their manner of resisting structural
impairment in a given traffic and climatic environment,
This approach helped to identify the pertinent stress or
strain quantities WhiChlcan be monitored so as to predict
damage progression in each classification,

In a frictional—type,pavement,vthe damage para-
meter G@bis associated with shear stresses and shear
strains, since cumulative shearing action is_responsible
for the type of damage that occurs, The magnitude of
(ﬁ) at any time is commensurate with a certain percentage
of damage concentration in a.giveh volume, Information
on this magnitude therefore yields information on the
progression of damage,

In a flexural-type pavement, the méterials in the

layers respond to load application by flexing, Their
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perfofmanég is therefore dependent on their capability

of resisting tensile StreSses by.flexure: Damgge in such
pévements prgpagates inlthe fatigue-loading mode and (E)

is associated.with tensile stresses and strains; Here
again, the magnitude of the déveloped stresses and strains
is equivalent to a pérticulér concentration of damage:
Therefore by monitoring the developed étreSses and

strains the progression of damage can be predicted;

The third type of pavement is impaired by the des-
tructivé cumulative tensile and shear action that is mani-
fested within the layer componehts.A The damage parameter

(:) is therefore associated with both tensile and shear
actions, In the 1iterature survey of the ;fatigue-behavior'
of frictional-flexural pavement, however C:),was shown to
be associated only with the tensile strain at the bottom

of the surface layer,

In order to develop a damage progression model
for different pavement stfucturés, the primary model (dis-
cussed in chapter IV), may be utilized to determine the
accumulation of the critical stresses and strains which develop .
within such a facility undef a given repeated load application,
The damage model can then be used to predict the number of
the load repetitions to failure a”ter the appropriate kernel
fﬁnctions (Bi's) have been determined (see next section for
determination of kernels), If the damage accumulation is
attributed to the development of shear strains within the

structure, then the damage concentration factor
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~~{A(S)] yields the size of the 'plastic!' - zone within the
f

structure at any instant, If the damage progresses under

the action of tensile stresses and strains the damage con-
:[A-(S)_
Ae

distribution at any instant,

cenfration factor

}~is then, equivalent to the crack
One important fact to realize here is the flexibility
of the damage model as presented, The model can be used to
determine the progression of damage within the whole struc-
ture if the kernel functions are representative of the damage
behavior of the whole pavement structure (i.e., the damage
behavior of the individual 1ayers, interact to produce uni-
que Bi-functions which are combinations of the damage kernels
for each layer). The same model may also be used to investi-
~gate the damage that takes place in each layer, if the appro-
priéte (Bi's) are used, This capability is ah added advantage
in that if the surface layer for example is known to.exhibit
fatiéue under loading, the B-functions for fatigue can be
determined«énd the service 1life on the structure in this
mode of response can be predicted, The kernel functions
therefore change depending on the mode of failure being
investigated, and bn the mechanical properties of the
materials in the structure,

The Determination of_Bi's

The linear kernel function B,(s) is a curve, The
other functions g,(sy,s,...s;) 1?1l are surfaces, For

example 62 ( 82) is a three-dimensional surface;

Sl’
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183(81;82;83) is a fourfdimensional surface and so on,

Thejfunctions,Bl;B 2?,63 can be determined by
setting up careful experimental 1oadiﬁg programs for a
pavément structure, |

Let us consider for this discussion a frictional-
'flexural pévement system; This. structure may be assumed
to have adequate shear support so that the predominating
factor of damage propagation is tensile action, In other
words, cracks form early within the flexural surface
material and propagate to failure in fatigue,

The fatigue properties of the material in the surface
must be determined, As discussed in Chapter III, if this
material is asphaltic concrete, it can be assumed that the
tensile strain at the bottom of the surface layer is the
damage determinant and B, can be detérmined as follows: (35)

For the linear portions of the damage theory, the

life remaining in the material can be represented as,

" ¥E;(n)
100 = 1+ [ay (em) 2 an (75)
© on

where ET(n) is the tensile strain aé a function of the
number of repetitions. -n or N. .

Several loading programs of the constant repeated
load type can be conducted on the surface of a pavement
structure, using plate loading tests, and the tensile strain

developed at the bottom of the surface layer can be measured..
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With fallure in fatigue defined as the number of repetitions
~-—at which thé sﬁrfacé‘defleCtion exceeds a particular value
or as when tension cracks appéar on the surfacé; a curve

of E, vs., N can then be plotted, In other words a fatigue

T
failure curve as shown schématically in Figure 13, can be
obtained,

Assuming that this curve is unique.for other loading
programs, the Bl'—'function can be determined for loading
programs which are arranged to produce a constant level of
‘sinusoidal strain at the bottom of the strucfure;

At failure; therefore; for all such loading programs,

*
.6ET(n)

Ne
R P e ( 76)
: n
o
where Nf is the humber of repetitions to failure,
ET(n) = EfH(n), where Ef is the failure strain
- and H(n) = 0 for n<o0,
1 for n>0,

Equation ( 76) therefore yields at failure,

0=1+8; (NoE : (77
H B, (Ng) = L -» Figure 14 ( 78)
Ef ‘

¥The portion of the integral from -~ to 0 is assumed.to

7?~

‘be zero since the structure is undisturbed in this time period,

100



‘ - For different values of Ef and Nf a curve of
VMBI(N) can be tréced,1=The_kerne1,fﬁnction is therefore the
negatiQe'invérse‘of the_failure curve: The sequence of
events can ée handled for all other types of strain which
develop at the bottom of the structure: Figure 15 contains

some hypothetical strain history prpgfams;

“For program 1;
ET(N) = E,H(N) + Ez,[%(N~N1)-H(N-N2{] €79 )

and the life remaining in the structure at any number of

load repetitions, N, is given by

1(N) = 8, (N)E, + E, [sl(N-N1> ; BQ(N-NJ] (80 )
and for progfam 2,

Eq(N) =(E; + E,)H(N) - E,H(N-N;) (81)

and

L) = By (N) (By#Ey) ~ By (N-N)IE, ~(82)

)

The two results are obviously not the same at any N indicating

the importance of the order of the application of the load.

It was mentioned before that the kernel functions

B, () for i > 1 are symmetrical with respect to their
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arguments; with this prqvision; the surface B, in Figure
16 ; is symﬁetrical about a vertical plane bisecting the
bositive s, and s, axes:' In order to determihé the shape
of the surface for any matérial‘or stfucture; only that
portion whiéh is on one side of the vertical bisecting
plane is needed: An experiment should therefore be

- devised to create loading paths 1 and 2 as shown in figure

Path 1 will yield the curve Bg(s ) for any arbitrary but

1552

'equal values of s, and s and path 2 will yield the curve

1 2°
82(31—31,52) for any value of s2-and arbitrarily fixed
values of si.
for arbitrary values of s

The: whole surface can therefore be evaluated
' ,

19

The four dimensional hypersurface 63 can be evaluated using

in the function B,(s,-s;, S,).

the same technique if 83(sl-si,sé,ss) is evaluated for arbi-

and,sé(35),

1
If the fatigue damage behavia can be described by

trary values of s

the expression given below,

N _ N N
A(N) _ "9
222 - [Bl(N~N1)-——- @ (n)an, + J JB2(N-N1,N~N2)
An oN
o) 1 . o o
2 ® ap 2 @ oy avjan, (83)
oN, oN _ A
2 .
where A = tle damage concentration factor
Ap , :
N = the number of load repetitions
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then the curve vBl ~and the surface B, can be determined
by using the damage determinant 'éa‘in the following manner:

If the following historiés.of.the'f@D éré‘bonsidéred;

. i
|
-
=2,
~
[}

A Klﬂ(l}l')?e (81})

KéH(N.) (85)

—~

=

~—
1

at failure, when they are'individﬁally substitﬁted into

equation (83); théyvgivé{

- _ 2 : . ;
1.01=_K131(Nf1) f K162(Nf1, Nfl) for equation (8L4)- {86)
and
_ N 2 ‘ ' ' . -
1,0 = K281(Nf22_+ K262(Nf2,Nf2) for equation (8%)- (87)
with Nf = number of repetitions at failure,
1 or 2

By performing such,expefiments for different values of

Kl and K2

the curve B, (N,N) can be determined for any N, If in

and knowing 8, ( ) from the previous section,

figure.16 we replace S and S, 5y N, and N, then 62(N1;N2)
is the curve traced on the surface by the vertical bisecting
plane of the positive Nl and N2 axes, |

| To determine the rest of the surface 82(N2,N1-N;),
another experiment has to be performed with the following

C)ihistory;

@ o) = KN + K, HON-N,) (88)

¥H(N) = Heaviside step function, K; and X, are constants.,

K Ku are constants.
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when .this history is substituted into equation ( 83) the

following expression is'obtainedvat‘failure;
',_, L} = - N B \ 2 -
1.0 K381(Nf) + Kusl(Nf”Nl) f K362(Nf,Nf)
v . 5 . |
+ 2K KBy (Np No-Ny ) + KB, (Np=Ny NNy ) (89 )

In the above equation every B-valﬁe;fexcept 82(Nf;Nf-Nl)
is known, Therefore; the performance of several ekperi-
ments with (E)~ histories 1like that in equation (88 )
should yileld the curves BZ(N’ N_Nl) for any arbitrary Nl‘
The above process is tedious and becomes cumberseme
as the 'it in Bi( ) increases., To use the non-linear
theory with many terms, therefore, becomes very difficult,
However, approximations can be made to reduce the number
of tefms in order to make possible the conduction of a
reasonable number of experiments deperiding on the domain
of interest and the range‘oflload magnitudes applied on

the material or structure,

 Comments. on the Determination of 8, and £,.

In the above two sections; only failure conditions
have been utilized %o determine_the‘kernel functions Bl
and B,. However; a more logical procedure would be one
in which the daﬁage behavior of the material or structure
in question can be identified from its conception to its

final destructive stage; so that Bl and B, may be
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detérmined more directly. 1In this manner; the parameter
responsiblé for damage is closely monitored with the |
number of 1oéd repetitioﬁs in a spéCially prepéred specimen
~“Tuntil failure*occurs; -During -the -conduction of .the experi-
,kment; the compliance of the specimen dan be related to the
crack length atveach”number of load repetition, This may
be done for several 1oading’rates and the compliance versus
crack length curve plotted, From this_iatter curve the
crack length at any instant for any of several loading
_programs can be predicted by measuring the compliance of
the specimen at each load repetitién.
Such a fechnique can be utilized to measure the
fatigue properties of the material in the éurface layer of
the pavement, by utilizing a specially prepared beam

specimen, A plot of the ratio of the crack length C(N)

Cr
versus the number of load repetitions N- will then repre-
sent the damage curveigégl, for each loading program,
f ' N
Using the equations (86) to (8g9) with AN) inserted
A

f

for the value of unity on the left hand side of the equations,

at any instant to the final, crack length C, - (Eigl} -

andAN for Nf on the right hand side, 52 can be calculated easily.
The experimental:information necessary for the calcu-

lation of the non-linear damage Kernel 82 using any of the

suggested appféaches is not available at the present time

(1969), To obtain such ihformation it is necessary to

conduct a very large number of experiments as indicated above
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wiphﬁcareful;y seiedted loading prpgrams; In the absence
of such‘iﬁformation use 1is madé of whét is now available
to obtain fhé linear damage'kernei Bl.for a pavement
'wstructuré: The damage behavior is predicted as a first
approximation using the failure curve in the manner
previously discﬁssed: An examplé of the use of such an

approach is presented in the next chabter,
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VI - APPLICATIONS OF DEVELOPED MODELS

Introduction

‘In the previous secﬁions, two models were
deve%@ped to account‘for the primary and ultimate response
beha?iors of pavement structures. The primary response
model describes the behavior of the physical system when
it is subjected to load inputs under isothermal conditions.,.
The system responses or output functions obtained from
the primary model are measurabie quantities such as the
developed deformations and stresses._ When these primary
responses attain a limiting value, distress in the form of
rupture, disintegration or distOrtion occurs. The system
performance can therefore be estimated by monitoring (oVer
time) the values of the output functions‘in terms of the
number of load applications.

" The secondAmodel which has been called the cumulative
damage model establisheé the 1link between the primary and
ultimate responses of the pavement structure. This model
relates the level bf the developed deformations and stresses
To the internal damage concentration in é given volume.

By identifying or'monitoring the manner in which the internal
damage develops, the amount of life remaining in the struc-
ture after a given number of load repetitions can be
predicted, The damage model therefore not only describes

the performance of the structure under load, but also
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yields information about the limiting value of a critical
output function or functions causing the type of distress
investigated. |

In order to bé representative of a pavement struc-
ture, the primary model must be able to account for the
‘obsegved pavemeht performance in terms of significant
paveﬁent parameters. These parameters may be grouped
undér three separate headings: a) the~mechani§a1 proper—
ties of the materials in the layers b) the loading
characteristics and c¢) the geometric parameters.

Within such a framework; under heading a) the quality
of each layer and that of the combination of layers are
important. Equally importaht, are the'trade—offs between
the quality and the thickness of the layers,.

Under heading (b), the pertinent parameters afe the
magnitude of the load, its duration, (static, repeated 6r
moving), and the frequency of the repetition,

Under heéding c), the thickness of each layer, the
offset distance of the load, the location of the point of
interest, and relation between the thickness of the layers,
are all known to be significant in determining the system
response, |

The followihg presentation is therefore divided into
three broad sections. A discussion is first presented on
the dimensionless system parameters, which describe the
pavement system, Then the capabilities of the primary model

are discussed with the aild of several pavement structures.
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Finally,Aah illustration of the use of the cumulative
damage model to predict the fatigue-failure of a flexural-

frictional pavement system is presented.
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1. '~ Dimensionless System Parameters:
A diménsionless system is defined as a three layer
pavement structure with a given set of materiai properties

~in each layeru\(Figure 17). For the eiamples presented

each layer is assumed to be incompressible -- i,e., Poisson's

ratio = 0.5. The material in éach‘layer is répreséntéd

- by a dimensionless creep function of the types shown in

Figures 17 through 21, As shown in these figﬁrés, when a

layer is elastic, its creep function does not vary with

time.

For ease of computation and use, thé normalising
factor for the CPéep function of all thé systems is thé
value of thé creép function for the third ldyer at infinite

time. This means that 1if the third layer is elastic, its

“dimensionless creep fﬁnction has a value equal to unity.
_If it is viscoelastic, its asymptotic value is unity. Each

-of these functions has been approximatéd by a Dirichlet

) 1 ’
series Aie where the ui's are fixed and

Ai’s are determined using a least squares curvefit method

described in (71). This type of répresentation has been
chosen because most of the available published data on the

properties of the paving materials are presented 1n and are

. easily convertible to the creep form.

All the components of the stress tensor at any point

in the three-layer pavement system are expressed in terms
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of the'intensit’y of the load. For the compoﬁents of the
displacement‘vector, the normalising factor is the product
of the intensity of the load qs the creep function of the
~third layer at infinify D3(w), and the ﬁeight of the first
layer Hl'

The geometric variables considered are: the offset
distance of the load R, the height of the first and second
layers, Hl’ and H2 respectively, the.depth of interest Z,
and the radius of the loaded area A -- all of which are
represented in dimensionless forms in terms of the height

of the first layer H, —-- See Figure 17.

1
In addition all times are dimensionléss and are
expressed in terms of an arbitrary time factdr. The vari-
ables representing the‘period and the duration of the
loading are also dimensionless, In all the examples
~present§d the arbitrary time factor is equal to ten.

The use of dimensionless terms is desirable because

it greatly facilitates the computation and execution time

of the computer programs written to determine the developed

stresses and displacements.

\2. The‘Primazy'Response‘Modei

The response of the primary model is discussed in
two‘secﬁions: First, the influence of the mechanical
properties of the layers on the system response of various
pavement systems 1s discussed, Second; the influence of
the loading and geometric variables on the response of two

pavement systems are considered.
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The Mechanical'Propertles of the Layer~Materlals

In this sectlon flve dlfferent systems were
selected to investlgate the effect of the mechanical
properties of the materials used‘in each layer on the
--response of the~pavement: The,material in each 1ayer is
essumed to be linear, homogeneous and isotropic.

System No; 1 is composed of completely elastic
materials (Figure 18): System No., 2 is COmpletely visco-
elastic (Figure 17): Layer one in System No., 3 is assumed
to be viscoelastic and the second and third layers are con-—
sidered elastic (Figure 19). System.No: h is assumed to be
partially viscoelastic by considering that only the third
layer is viscoelastic (Figure 20). Finally,'System No. 5
is assumed to be similar to System No. 3 but with the
'spectrum of the creep function of the first layer shifted
‘to the left in one case and to the right in the other
(Figure 21), to permit the determination of the influence
of viscoelastic properties on the'paVement response,

System No., 2 (Figure 17) is used as the basis for
comparison, In this system each layer is Viscoelastic and
\the creep compliance functiontof each leyer has the same
value at infinite time. This provision serves as a check
on the results of the static loadins condition, At very
1arge tlmes the creep functions of the three layers have
the same value; the system acts as a homogeneous elastic

half-space and Boussinesq's elastic solution should thus

be obtained,.
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The créep fﬁnctions in éach'layéf of Systém No: 1
correspond to thé valﬁés of thé'cféép funétidns in the
corresponding 1ayérs of Systém No; 2 at zéro timé in
non-~dimensionalized form: "Howévér; when théy'aré trans-
;1ated/1ntovdiménsionless créep fﬁnctions; the initial
valﬁe% for‘System No: 1l no longér coinéidé with thosé for
System No; 2; The cféep fﬁnctioﬁs for dimensionless
System No: 3'aré obtained by ﬁsing the sémé téchniqﬁé; but
this time the first layer of Systém No: 2 is képt visco;
-elastic; System No, 4 is obtainéd from System No. 3 by
performing shifts in the spectrﬁm of the creép function as
was previously mentioned: | '

In dimensionless form, therefore, Systems 2 and 4
have the same initial values for the creep functions of
the materials in their layers, Systems 1; 3 and 5 also
have the same initial values for the creep functions of .
the materials in their layers, |

Before presenting the results in détail the effect of
the time-temperature superposition is briefly discussed.
This principle states that short time effects obtainable at
high temperatures are convertible by superposition on the
time scale to long time effects at a fixed lower temperature
(7§). This implies that though the creep functions for the
viscoelastic layers in the systems considered in this study
are presented for a fixed temperature over a broad range of
time, the spectrum of tempefatures encountered in the field

are, however, repfesented. Therefore results obtained at a

113



O

given time and a fixed témpératﬁré éah bé’transféfréd
through the use of a shift factor, to results at other
temberatures (79). The analysis therefore considers
temperaturé effects implicitly.

- The output functions or system responses utilised
to investigate'the infiuence of thé mechanical properties
of the layer materials are the vertical deflection, the
vertical stress and the shear stress déveloped at the first
interface -- that between layer 1 and layer 2 —- for
System Nos; 1, 2, 3, 4 and 5 under the application of a
stationary load.

The results of the stationary load are used for
- most of the discussion because the repeated and moving
load solutions are obtainable from the stationary load
fesponse.by the superposition principle. Consequently,
any effect observed for the stationary load as far as the
material variables are concerned must also be observed in
a general form for the repeafed aﬁd moving loads,

Since conditions on the axis of the load are usually
the most severe the offset distance factor for the vertical
>stress‘ahd vertical deflectioﬁ are set equal to zero and
that for the shear -stress is set equal to one because the
shear stress on.the axis of the 1oac¢ is zero, Conditions on
the'first interface are used for discussion because at the

surface the shear stress factor is zero and the vertical

stress factor is unity under the load and zero elsewhere,
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'Vertiéai‘ﬁéfiéttibn;

Figﬁre 22,préSents thé’vertidél défléctibn ﬁnder
the center of the loaded area on the first interface for _
Systems 1 throﬁgth. Tt can be noted from this figuré that
- when the system is elastic; the responsé — vertical
defléétion ~—~ does not vary with timé: It was méntionéd
befo;e that thé zéro timé valﬁé of thé Créép fﬁnctions for
Systém 1 and 3 are the samé; théréforé at zero time (not
shown because of the logarithm scalé) the ﬁwo systems
undergo the same magnitﬁdé of déflection: waéver; as the
load is maintained; System 3 cbntinﬁés to defléct dﬁé to
the viscoelastic charactéristics of its top 1ayer: This
indicates that the stiffer the'sﬁrfaéé.matérial, thé lesser
would he the defléctions of thé'pavémént. |

Systéms 2 and 4 have the same initial values of
deflectién; System 2; howevér; accumulates more deflection
than System M; Thé reason for this is that.thé upper two
layers of System U are considerably stiffér than those. of
System 2; Since the third layers of both systems possess
the same mechanilcal properties; thé discrepancy in results
must be dué to the uppermost 1ayers; which supports
Burmister's conclusion that when better qﬁality materials
are used in the base and surface coﬁrsé of the pavement, the
pavement provides a blankét efféct aroﬁnd the subgrade,

A1l the systems shown in Figure 22 aré elastic at
long times with System U displaying the least deflection

and System 2 the greatest, 1In terms of stiffness; at long
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times, System 2 is the weakest of all the systéms and;
theréfore, défiects the most; Since Systéms 2 and 3 are
later used to investigate the influence of the loading
_cohditions‘and_geometric variables on the méchanical
response; it will be worthwhile to éxaminé them'moré
closely at the present~time:

For very small values of timé; Systém 2 is stiffer
than System 3; Therefore; at shortiloading times the
~deflection for System 2 is less than that for System 3 when
loads of the same magnitudé are usédr With the passage of
time; however; Systém 2 bééomes less stiff when compared to
System 3. From-the shape of the defléction'curvés; this
occurs at dimensionless time of apprbkimatély one: When
this event occurs; the deflection on the first‘interface
of System 2 exceeds that‘of System 3 and continues to do so
~until it reaches a plateau;‘ |

For the stress (Figure 26); however; System 3 con-
sistently displays higher Valués.of déveloped stresses than
System 2 except at very short times wheré thé stréssés of
System 2 are greater than thosé for System 3 (not shown in
. figure), The reason for this behavior is that the two'
lower layers of System 3 are elastic and havé stiffness
values which do not change with‘timé.‘ The stresses deve-
loped on the first interface of Systém 3 increase consider-
ably with time because of the rigidity of the bottom two
layers; The lower layers of System 2 offéer no sﬁch

résistance; therefdre, the stresses developed are not as
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great as tﬁose for Sysﬁem 3.

”fjgure 23 illustrates.that the spectrum of the creep
function has a significant inflﬁencern the system
.response. The'éurvés presented are for the vertical
deflection factor of Systems 3 and 5 on the first interface,
and’under the center of the loaded area.

The creep functions of the two different first layers
assumed for the System 5 ﬁave the same initial and final
values as the creep function of the\first layer of System 3
(Figures 19 and 21), but their timerdependent Behavior is
not the same. Curve A of System 5 is obtained by shifting
the creep function of the first layer of System 3 to the
- left, while Curve B is obtained by shifting fhe creep func-
tion in layer 3 to the right, The vertical deflection
factors obtained for these curves also have followed similar
shiftings as shéwn in Figure 23, This'indicates that by
adjusting the mechaniéal propertiés of the materialsin the
first layer, keeping those iﬁ the lower layers fixed, the
system response can be controlled. This demonstrates that
in the selection of asphaltic mixtures for the surface
course of a pavemenﬁ one should be concerned with the form
of the creep function over large time’intervalé rather than
relying upon the initial or an arbitrarily selected time
value of the creep function. If for instance minimal
deflections are desirable during the transient response
period, the vertical deflection curve for System 5 _curve B

would seem appropriate and the paving material should be
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designed in suph‘a manner that a rather flat spéctrﬁm of

retardation timé functions would résﬁlt.

Figufe 26, shows the curves obtained for the )
vertical stress factor on thé first intérface for Systéms
,1; 2; 3 and 4'(Figuresvl7 throﬁgh 20). The stresses
similar to vertical deflection start with the same initial
values for Systems 2band 4; and for Systéms 1 and 3:

However; while the stress on thé first interfacé of
‘System 2 (Figuré 19) increases with timévthat on the Systém
4 (Figure 20) decreases. This may be due to the fact that
the stiffness of the upper two layéfs of Syétém M; rémain
fixed while that of the lower layér decreases with time;
The overall effect is to cause a décréase in thé strésses
on the first interface, For elastic System 1; the stresses
‘remain constant with time as eipéctéd:
| In Figure 26, the stresses developed on the first
interface of System 3 exceed thosé of System 2. This 1s
not surprising, for reasons depending on the differences
of the mechanical properties in the layers of both systems.
'These,réasons have been previbusly'discussed. The influence
of the spectrum of the creep function on the vertical
stresses deVeloﬁed in the first intsrface are shown in
Figﬁre 27 for System 5, As is noted in this figure, the
pattern is similar to that of variations of deflection with

the creep spectrum.
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Shear Stress:

- Figure 28 shows the»éffect of the mechanical
properties of the layer-materials on the shear stress
developed oﬁAthe first interface directly under the edge
of the loaded area. The effect is almost similar to
that for vertical stress exeept'fbr System I, for which
the shear stress slightly increases with time while the
normal stress showed a slight decrease. The reason for
this may be dué to the fact that the deflection on the
interface under the axis of the load is incréasing,
causing an increase in the curvature of the interface.
This Would definitely cause an increase in the shear stress
because such stresses, as Burmister shows, are deflection
dependent (80). Figure 29 shows the shear stress deve-
loped at the interface for the two creep functions assumed
for System 5.’ As can be seen, the spectrum of the creep
function has the Same effect on shear stress as it did on
the vertical stress.

In order to demonstrate the capability of the primarv
response model in determining the radial stress and radial
deflection, typicél curves for these components are pre-
sented in Figure 2H7and 25 for the first interface of
System 2. |

The results obtained thus far indicate that the
nature of the system response depends upon the mechanical
characteristics_of the materials in the layers. The inter-

action between the material properties of each layer pro-
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duces what' may be calléd a system function which is not
~only a function of the location of the point of interést,
but of the kind of the résponsé function béi’ng investigated

(1.e. a stress or a deformation output.)
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:_Onlywthréé Systém,résponsés';-;thé Vértiéél
stress; the vér@ical deflection and occasionally the
shear stress —- will be used to investigate the effect
of the loading conditions and_géometric variables:

The results for other components of stress and displace-
ment are not presented in order to avoid théglack of
clarity associated with the handling of numéroﬁs variabiés.
What 1s presented is a clear illustration of what the
model is capable of doing using thé componenté of stréss
and displacements that are freqﬁeﬁtly discussed in the
pavement 1iterature;

'The‘stationary‘loading'condition: For the stationary load-

ing condition; the magnitﬁdes of thé componénts of the
stress and displacément factors generally increasé with
the incréase iﬁ dimensionless time for all systems; as
shown in Figures 22;.26 and 28 for Vértical défleétion;
vertical stress; and shear stress respéctivélyl

It is interesting to note that for both Systems 2 and
3; the magnitude of all the three responsés tend towards an
asymptotic value af a value of dimensionléss timé corréspond;
ing to that when the dimensionléss dréép compliancé func -
tions become asymptotic., The system résponse therefore
depends on}the response characteristics of the layer
materials, The extensive variation in stress and defprma~

tion with time under the constant load for both systems, is
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a marked,dontrast to the constant distribution (of these
quanﬁities) exhibited'by a'structure"wiﬁh_elastic proper-
ties. This phenomenon may have an importantrinfluence in
the design'of'éﬁch'structures. The'rational design of the
structural components (especially those exhibiting visco-
elastic resbonse) should, therefore;'utilize the complete
history of the stress and displacement distribution,
rather than a single valﬁe of these components,

At Valuesvof dimensionless time greater than one
- thousand, the magnitudes of the stress and displacements
components are equal to those obtained when the system
behavior is elastic i.,e., the mechanical properties of the
materials in the layers are equivalent to those of the given
creep functions at infinity.

This capability serves as a check on the validity of
the viscoelastic representations, since the results thus
obtained are comparable to those acquired by other authors
for elastic syétems havipg the appropriaté properties,

The model can therefore account for the>manner of variation
of all the pertineht stress and deflection factors at any
point in three-layér pavement structure for this boundary

condition.

the influence of the duration and period of the loading on
the response-of Systems 2 and 3 was investigated using the
vertical deflection on the surface directly‘under the center
of the loaded area; the vertical stress on the first inter-
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face‘bﬁt-with offset distance”factér eqﬁal,tb oné:

',Thé stréSs‘on‘thé first intéffabé Wés ééléctéd
because on the sﬁrfacé the valﬁé'is_ﬁnity and répéatéd
applications of the load do not cause accumilations. At
the first intérface; howévér; the stress devélops with
' time; as alréady observed; under -a constant load condition.

| The shear stress on the first interface at the offset
distance factor of unity~was chOsén bécausé thé‘magnitudé
of shear stress_undér thé load is zéro:

A load répétition isAconsideréd to bé cdmplétéd at
the end of the period of the loading (see Figure 12) and
the magnitude of the stress or deflection factor is mea-
sured at this time, The results Which“aré'présentéd for a
dimensionless périod of 0105 and durations of the loading
equal to :005; .01 and .02 can be noted in Figures 30
through 32; thé stress and deflection factors of the
systems increase with increasing numbér of load répetitions.

Figure 30 shows the results obtained for the Qertical
deflection on the surface., The magnitudes of the deflection
factor for System 3 are consistently lower than fhose for
System 2, This iﬁdicates that System 2 behaves more
viscously; a result Which is evident from the dimensionless
creep compliance functions for this system (Figure 17). The
reason for this difference was discussed in the section on
the influence of the mechanical properties of the layer
materials on the response of the system,

_Figures 31 and 32 show the curves obtained for the
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‘vertical stress and shear stress factors on the first
interfacé. The stresses dévélopéd in Systém 3 are con-
Sistently higher than for System 2, This is because of
kthe féct thatAfdr the same load the'systemvthat is more
“stiff will develop the greater stresses for the same
value of deflection. An examination of. the creep functions
for Sysfem 2 and 3 in Figures 17 and 19 respectively shows
System 3 to be more stiff, |

For each system, the greater.the duration of the
loading the greater is the developed stréss or deflection
factor, This indicates that the severity of the structural
response 1s directly related to the duration of the loading.
The longer the load remains on the systém; the.greater is

the damaging effect;

..........

'The‘movihg;load'boundary condition: Figures 33 through 36

" illustrate the manner in which the Systems 2 and 3 reépond
to the application of a moving load travelling with a
constant velocity along a straight line on the surface (See
Figure 11). The curves in Figures 33, 34, 35 are for the
vertical deflection on the surface, The vertical stress
and the shear stress on the first interface are shown in
Figures 36 and 37 respectively.

The curves indicate that the system response in terms
of étfess and deflection factors is.not symmetrical with

respect to time. The viscoelastic behavior of the systems is

124



such thét there is a time-lag between the observance of

a response and the tiﬁe of application of the agent
causing it. Therefore, at the time when the load is
-—directly over the point of interest, the magnitudes of the
response in terms of stress and deflection factors are

not at the maximum. In additioﬁ, it must be noted that the
maximumrvalue of either a stress or deflecfion factor is
obtained not before but after the load has passed over the
point. However, when all the layers in the system are
elastic, no such lag effects are observed, as shown in
Figure 34. This figure presents the results obtained for
dimensionless System 2 which is converfed intb a homogene-
-ous elastic system with the creep properties of all the
layers being equal to that of the viscoelastic system at
infinity.

This technique in fact serveé as a check on. the
moving load analysis, because its elastié solutions should
match those obtained from the stationary load-analysis at
the pertinent offset distances. The degree of agreement
between the solutions obtained through both methods of
analysis 1s seen to be satisfactory.. In order to ensare_
the.accuracy of these solutions, they were rechecked
‘using the homogenéous half space éolutions of Alvin and
Ulery (46). The results compared well with the tabulated
values. The observed time-lag in the viscoelastic res-
ponses ié also velocity dependent. The gréatér fhe

velocity of the moving load, the smaller the time lag. This
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velocify dependence is discussed using the solutions
obtaineé fér the vertical deflection of Systems 2 and 3.
Figure 33 shdws the curves so obtained for thé vertical
‘deflection of System 2. It is seen that the peak
deflection of the system'increases with decreasing
velocity factors, indicating that the longer the load
remains within the region of ipfluence'the_greater is fhe
damaging effect that it has on a point of interest within
the structure, It is also interesting go note that the
laé in response time increases with decreasing velocity
factors for the same reasons as above; _

The same behavior is displayed by System 3;

Figure 35 is presented to show the diffeﬂeﬂce bétween the
magnitudes of the response for both systems. As observed
before, the deflection for System 3 attains a maximum
Value.iower than those for S&stem 2; This is so because
System 3 is stiffer than System 2.

The results obtained for the vertical stress and
shear stress factors on the first interface of System 2 and
3 also show a consistent behavior as indicated in Figures
36 and 37 respectively. In the case of the shear stress
factor, however, there are two peaks in the curve. This
indicates that as the load approachés thé point the shear
stress builds up to some limiting value and starts to
decrease. At the time when the load is directly over the
point, the shear stress is zero. However, the superposition

of effects from previous loads actually'prevent the total
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shear stress from going to zefo; The éffecﬁ of thé
decrease 1is to caﬁse a'markéd rédﬁction in thé‘shear
stress!l As this load movés’away from thé point: the
shear stress bﬁilds up again to a maximum peak énd de—
cre/sés;

'TﬁeﬁGeomefrip\Variéb1ES‘

‘The Height Factor of the Second Layer: The influence

ofvthis-variablé on thé'system résponsé is invéStigatéd
using the vertical deflection factor on the surface of
Systems 2 and 3 when they are subjéctedvto répéated
loading: The surface vertical déflection factor is
selected over thé defléction or stress in any othér
location so as to obtain a béttér ihdiéation of the
inflﬁencé of thils variable on the responsé of thé system:

Figure 38 illustrates that for both systéms the
~deflection incréages_with the number of repetitions for
a fixed value of the height factor. The deflection
factors for a_givén number of répetitibns, howevér,
decrease with increasing Hz/Hl.indicating that the
thicker the system, the lower are the deflections. An
alternative method of lowering surface deflection as
has been discussed already is to have stiffer materials
in the layers.

The dependence of the surface vertical deflection
féctor on the height factor of the.second layer is more
marked for Sjstem 3 than for System 2. For System 3,
this marked dependence is displayed at every load repeti-
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tion, At lower numbers of load repetition; the dependence
is pronounced, VAt higher levels; it israbsént: This is not
surprising when the mechanical propérties of System 2 are
takéh into account (Figure 17). Since all the creép func-
tlons tend toward the same value at long times; one would
ekpect the system to become'hompgéneous evéntually: When
this occurs; the deflection at the.surfacé is indépéndent of
H2/Hl because the system is a semi-infinité homogénéous méss.

The Depth Factor: The influence of this factor is inveétigated

using the Vertical deflection and vertical stressvfactors
under the center of the loaded area. The shear stress factor
is investigated at the first interface but at an offset dis-
tance factor equal to one., The curves~so obtained for both
Systems 2 and 3 are shown in Figures 39 through 41.

There is a marked reduction in vertical deflection
through the layers as shown in Figure 39. The reduction is
greater as the number of load repetitions increase. For
points within the third layer, an increase in the number of
repetitions does not cause significant increase in the
defleétion. However, this effect 1s more severe for points
that are nearer to the point of load aéplication. Figures
40 and 41 show that a similar effect is displayed in the
case of the vertical and shear stress factors.

In Figure 41, for the shear étress factor, it is shown
that the first inﬁerface of both systems undergo a more

severe damaging effect than the second interface.

The radius factor: The effect of this variable was investi-

gated using the vertical deflection factor on the first

128



interface directly underneath the load. The curves
generally indicate that as‘the radius of the loaded area
is increased% the deflection is écéordingly increased.
-Again System 2 deflects more than Systém 3 for reésons
previousiy discussed.

The damaging effect on the first interface increases
considerably with the increase in the size of the loaded
area confirming the rather obvious result that for a
given period and duration of 1oading.heavier loads do
more damage than lighter ones.

The offset distance factor: Figure 43 indicates that the

surface deflection factor decreases with increasing offset
distance for both Systems 2 and 3. This résult is what
is expected because the effect of the applied load is

more severe near the point of interest. Figure U4 illus-
trates that the vertical stress factor on the first

interface displays a similar behavior.

Permanent deformation: The preceding discussion has
served to emphasize the faét thaf the physical character-
istics of the pavement system include among other things
geometric measurements such as thickness, arréngement of
the component layers and the basic properties which
characterize material behavior, The system response
consequently involves the behavior of the physical étruc—
tufe when it is subjected to load and climatic inputs.
When these act on the system a condition which describes

the mechanical state results. Measurable quantities such
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as the deformation aﬁd stress are then acquiréd. Theée
quantities have been used in this dissertation to
repreSent the primary responses éf the system -as described
by the Hudson et al chart (Figuré 1.0); When they attain
a limiting value, distress in the form of rupture, distor-
tion, or disintegration occurs in the ultimate response
mode,

One such form of distress is the permanént deforma-
tion which results from the shear diéplacements of a
'roadway.structure. This deformation can be estimated using
curves like those presented ih Figure 43, Using this
procedure, the potential fof rutting type distress éan be
investigated for different systems under djfferent

loading conditions,

3. The Damage Model

The limiting response of a pavement structure has
been described conceptually as a function of the degree
of cracking, distortion and disintegration (Chapter I).
Through the use of a mechanistic model such as the primary
response model, the distress function can be expressed
as continuously increasing with time until a limiting
perférmance criterion is attained. When this level is
reached then the failure of the roadway structure will be
said to have occurred. For this study, distress in the
form of fatigue is investigated.

In order to use the damage theory, the following
steps are taken,
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The temporai variation of thé ténSilé strain
on the undersidé of the sﬁrface'léyér'of thé
selected threé;lajer pavémént strﬁcturé is
determinea by utilising the mechanistic model
discussed in thé prévious sectionl

The tensile strain function ET(N) so obtained

from the above step, i1s inserted into the damage

equation:
A Bl(N—ﬁiQEEQ (n) dn
Af. . an

-

The above integral is evaluated for any N,
and the life used or remaining in the structure

is predicted using equation (75). When

1(N) = 0, the surface of the facility will have
a given distribution of cracks, and failure in

fatigue will have resulted,

Performance criterion: The performance criterion utilised

in this case is a phenomenological factor which describes
how well the pavement is accomplishing its objective of
resisting the impairment that results from fatigue action.

The study makes use of a damage concentration factor,

A(N)/Af, (e.g., distribution of cracks in a given volume)

and a life factor 1(N), all of which are related to the

level of tensile strain at a critical point of the struc-

ture., The distress function A(N)/Af yields at any instant
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of time the degree.of damage that has been caused by the

formation of fatigue’cracks due to a particular number of
load repetitions., From this information, one can predict
‘héw well the structure is performing by estimating the

remaining life, using the equation given below

/

{

1(N) = 1+ A(N)/A,

FPailure Criterion: The failure criterion of the structure

may be designated as a point on the distress curve,

When the distress function exceeds a set value defined by

this point, failure is said to have occurred. As far as

the damage theory is concerned, limiting distress has

occurred when 1(N) = 0.0 or A(N)/Af =-i.0 in equation 91,
The fatigue curve of the‘surface layer is assumed to

be that utilised by Monismith et al (68) for MORRO Bay

pavement, The failure curve in fatigue is given by the

expression
N = 8.78 x 107 (+) 446 (92)
ET
where Nf = number of repetitions at failure ET = tensile

strain at failure. From the previous discussion on the
determination of the linear damage kernel Bl; the follow-
ing expression is obtained for By:

1/L .46 1/L.,46
1011 ‘

B (N) = (20 (N) (93)
8.78

The ﬁlotted curve is shown in Figure 46..
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The.foregoing techniques were utilised ih the
dimenéionlesé System 6 (Figure 45) (whose creep functions
are obtained:from AASHOVroad test results (81)) to
predict the occurrence of distreés in'ﬁhe surface layer
when the structure is subjected to repeated loading of
the'type shown in Figure 12. The surface layer 1is composed‘
of asphaltiénconcrete, the second layer has gravel, the
third layer clay.

The tensile strain obtained when this is done is
shown in Figure 47. The function was calculated using

the following formula:

ET = —_— where

e3]
]

T tensile strain

(e
It

R radial deflection

s
]

eylindrical coordinate

Several plots of radial deflection factor versus the number
of load fepetitions were obtained for points within the
vicinity of the point of intefest. For this example,

four points were chosen at R/H2 = 0,05, 0,10, 0.15, 0.20.

A curve is drawn for radial defleétion factor versus offset
distance factor for each load repetition. The shapes of
these curves at R = 0.1 yield a curve for the tensile

strain as a function of the number of load repetitions,
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Figuré 48 illustrates the manner in which damage
progresées when the duration of the appliéd’load is
one-tenth of the period; Failﬁré does'nét occur until
10%° repet‘itions of the loéd'.' This value 1is éx’trapolated‘ with
the assumption that the rate of damage growth is constant
“afgér 107 repetitions bécause of thé space and timé
liéitations on the computer; Failﬁre will occﬁr soonér
if‘the assumption is unwarranﬁéd; |

To find out what will happen if 1argé strains were
to develop, a tensile strain function with strain magni~
“tudes of the order of one to'sii pércent was assuméd
(Figure 49). For such a devélopmént of strains, failure
occurs at approximately ten thoﬁsandvrépétitions of thé
~load (Figure’SO); indicating-that the level of strain
determines the numbér of load répetitions that thé stfﬁc-
ture can withstand; |

This example though simple serves to illustrate the
basic ideas of the cumulative damage modélr The analysis
can be done for complicated load applications by using
the principles of the response.of linear systéms to
‘imposed excitations; It is concéivable that packaged
computer programs for different configufations of load
applications can be written and thé résponsé of the syétém

to such lcads evaluated, The main aim here, however, is

to show how the linear damage model may be utilised. As
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has been_illustrated;.this méthOd of approach”yiélds
not only tﬁé nﬁmber of répétitions to failﬁré'bﬁt the
manner in whioh that numbér is attainéd?i Thé fesﬁlts
~indicate that the degree of interna1 damagéwand rate of
ngthh;at any instant depend on ﬁhe characteristics of
thé applied load for giveﬁ matérial propertiés: If thé'
layer materials should change,différenf results will be
obtained, As is indicated in the section‘on thé primary
model, a stiffer material will producé lessér'défléctions
_.and strains. In,addition; the height of thévlayéré could
be increased to produce the same,effect, Théreforé: thé
optimum COmbinétion which may.bé utilised té sﬁstain thé
imposed loads may be obtainéd by a trial aﬂd error method

of approach;

135

2



9€T

FEEDBACK

[ et i o o > et S s e S o o

|ROUGH PAVEMENTS GENERATE|

—— T T T e - — [ N
I~ L _INCREASED DYNAMIC LOADS_ | 7 OUTPUTS
INPUTS ¢ SYSTEM PRIMARY RESPONSE | LIMITING ~ SYSTEM
_ LOAD [STRUCTURAL ~ (BEHAVIOR) | RESPONSE WEIGHTING ~ OUTPUT
2z , THICKNESS STRESS , RUPTURE — W |
1 S1 [ENVIRONMENTAL . [WEAR
L EF " yaARIABLES [0 MATERIALS ] STRAIN | DISTORTION. "‘Wcs}” oUT
| 2 PROPERTIES PERMANENT DISINTEGRATION[— W4 $ A
= ! .
i E‘L_ CONSTRUCTION | STRENGTH DEFORMATION : | | y \
| VAR I .
| 2] ARIABLES WATER CONTENT| == - ‘ = I
T __| MAINTENANCE | efc. ,~ | LOAD APPLICATIONS >3 LOAD
VARIABLES : 'S |ACTUALLY TRANSPORTED ' -
3 - - | APPLICATIONS
R . FEEDBACK ! ( PERFORMANCE )
L _J CRACKED AND ROUGH PAVEMENTS |__|
| ___ RECEIVE MAINTENANCE ] -
———————————————————————— USER TAXES INPUT
CONSTRUCTION AND
WEIGHTING MAINTENANCE FUNDS
DESIGN CRITERIA FUNCTIONS
AVAILABILITY OF Fumos——-——-wfa—-\ o COMPARE AND | UNSATISFACTORY
SAFETY W, OPTIMIZE PAVEMENT| REVISE SYSTEM
o COST —— W —m8m 3 PERFORMANCE COMPONENTS
RELIABILITY — W, — PTABILITY V®] IN LIGHT OF AS NECESSARY
|  —olACCEPTABIL
RIDING QUALITY Weq DECISION CRITERIA
MAINTAINABILITY W ————//v; — . CONSTRUCT
TIME Wy _____////W ISKHSFACTORYIPAVEMENT SYSTEM
FUNCTION Wi - ! AS DESIGNED

FIGURE |I. BLOCK DIAGRAM OF THE PAVEMENT SYSTEM (AFTER HUDSON, ET AL).
REF,. (60)



c

CRACK LENGTH,
o

' NUMBER OF CYCLES, N

FIGURE 2. CRACK LENGTH vs. NUMBER OF CYCLES
© OF LOAD, AFTER DEFOREST ON SAE 1020
STEEL SPECIMENS. -

137



0'|>0'2>‘O'3>O'4

O
N
O
IS

N B W

NI ’ N2 3 4

 NUMBER OF CYCLES, N

FIGURE 3. DAMAGE vs. NUMBER OF LOAD CYCLES FOR
DIFFERENT CONSTANT STRESS LEVELS.

1.0
RATIO n/N

FIGURE 4. INTERACTION FREE DAMAGE LAW,

1.0

G0,

RATIO n/N
FIGURE 5. NON-INTERACTION FREE DAMAGE LAW.

138



O

1

1

]

|

|

|

)

{

!

|

{

|

|

{
(S

>~

|

|

!

l

|

|

|

|

|

!

|

J

DEGREE OF
DAMAGE.

PERFORMANCE
LEVEL

FAILURE AGE : : >

STRUCTURAL INTEGRITY
OR PERFORMANCE LEVEL, P

TIME, t
(OR NUMBER OF WHEEL LOAD APPLICATIONS, N)

FIGURE 6. TWO-DIMENSIONAL SIMULATION OF THE
PERFORMANCE OF A PAVEMENT STRUC-
TURE.

139



. ORt

10"* (LOG SCALE)

X

STRAIN, €, in. per in.

ASPHALT CONCRETE (FROM MomsMnm ET AL)REF.(63)
ASPHALT CONCRETE - 75°F REF.(64)
10 |- SHEET ASPHALT (AFTER PELL) REF.(62)
s L ASPHALT CONCRETE - 40°F REF.(64)
SHEET ASPHALT (FROM MONISMITH ET AL) REF. (63)
6 e
4 |
2 e
] | { 1 1 1

10° 10* 10° 0"

NUMBER OF REPETITIONS TO FAILURE, N (LOG SCALE)

FIGURE 7. TYPICAL FATIGUE TEST RESULTS ILLUSTRATING STRAIN
FAILURE CRITERIA — ASPHALT MIXTURES.



Ht

PERCENT

AXIAL STRAIN,

35

30

25

20

6

o

CONFINING PRESSURE o, = 10 psi

O..= STATIC STREN

S

o, = REPEATED LOAD STRESS LEVEL

CONSTANT INITIAL

SHEAR. FAILURE

SU— 0",/0',5 = 1.03
cr,./O'S = 0.93
'O'r/crs = 0.91

SHEAR FAILURE

GTH

CONDITIONS

SHEAR FAILURE /

O‘r/O's = 0.84
o, /0 * 0.77

AT 40,000 CYCLES<, |
,000 CYCLES

ELASTIC REBOUND —y

AT 40,000 CYCLES<

—TOTAL DEFORMATION

1 1 1 4 ] I 1 {

400 600 800 1000
NUMBER OF LOAD APPLICATIONS

1200 1400 1600

FIGURE 8. TYPICAL REPEATED LOAD TEST RESULTS ILLUSTRATING CRITICAL

STRESS FAILURE CRITERIA — RESIDUAL CLAY,

REF. (66)



e 4 TEST HOLE No. |

L 'STATION 624 + 8l

NBTL RWT

) —_——
DIRECTION OF TRAVEL

N
Bl= -

ZZ oLn TEST HOLE No. 2
N /( STATION 624 + 83

NBTL RWT
—_—
DIRECTION OF TRAVEL

/ o \(CRACK DEPTH. MEASURED
FROM BOTTOM)

. TEST HOLE No. 3
STATION 625 + 12
g |  NBTL RWT

LY

DIRECTION OF TRAVEL

TEST HOLE No. 4
STATION 625 + 14
NBTL RWT

—————
" DIRECTION OF TRAVEL

2 .
\(CRACK DEPTH MEASURED
FROM BOTTOM)

FIGURE 9. CRACK PATTERNS ON BOTTOM OF SLABS

OBTAINED IN VICINITY OF STA. 625+ 00.

142 REF. (68)



e—a —>

[T

o>

.

le— T —Sle— T —>

Vz

FIGURE 10. CROSS-SECTION OF THREE-LAYER SYSTEM.

143



R >
V<]
c<— g —>)
POINT OF INTEREST\ S Hl A
o | q
- ‘ ' - O Vvvvvvv 4
Hl
X < _"“r
H2

VzZ

"ELEVATION VIEW

POINT OF INTEREST

N
T

— O —>e— O —>

s
>

PLAN VIEW

FIGURE Il.. MOVING LOAD ON VISCOELASTIC HALF SPACE.

144



Q(t)

DURATION OF
LOADING

e .~ PERIOD OF LOADING— >

() | T(2) T(3) T
| — 1
q, sin wt, 0< t < £(PERIOD OF SINE WAVE).

 WHERE Q(H) = ' ,
0, 3 (PERIOD OF SINE WAVE) <t < (PERIOD OF

EXCITING FORCE).

FIGURE 12. TIME-VARYING REPEATED LOAD CONFIGURATION.

145



)
i
|
!
]
!
!
]
I
I
I
|
l ———————
T ——
|
I
I
]
I
v
N

=

NUMBER OF CYCLES, N

FIGURE 13, ASSUMED FATIGUE CURVE FOR THE
DETERMINATION OF B,. |

146



A ()

B,(N)

B B.(N)

FIGURE 14.

THE LINEAR KERNEL FUNCTION, B,

o e ot . - —— ——— — — — — — - —————— o —

b T

NUMBER OF CYCLES, N

B, CURVE OBTAINED FROM ASSUMED
FATIGUE CURVE.

147



&

TENSILE STRAIN,

TENSILE STRAIN, E,

PROGRAM |
5.+Ez\
Eu\
I i
[} i
I 1
| i
] i
} i
NI NZ
NUMBER OF CYCLES, N
PROGRAM 2
E, + Ez\
E,
| N\
: ;
|
}
]
]
1
N

!
NUMBER OF CYCLES, N

N

'FIGURE 15. LOADING PROGRAMS,

148



o THE NON-LINEAR KERNEL;'B2

AB,ls,,8,)

SURFACE

N o e et oo aee

FIGURE 16. HYPOTHETICAL PB(s,s,) SURFACE.

149



. - T .
~VISCOELASTIC - v =0.5 H,/H, R/H,
) ) N V >
, : ' — ? 4 T
_ VISCOELASTIC ¥ =0.5 : H,/H,
. 3 !

DIMENSIONLESS CREEP FUNCTION,

VISCOELASTIC v =05

D(1) /D, (c0)

1.00 '
0.60 /

LAYER 3
\LAYER 2
0.40 LAYER |
‘ 0.05 ! o L ! ]
~2 -1 0 i 2

LOG DIMENSIONLESS TIME, f/T

FIGURE I7. DIMENSIONLESS PAVEMENT
SYSTEM NO. 2

150



TSt

T
S 0 LAYER 3
' \QM " o
3 |
Q
<> 75t
Q
S
§ 50|, LAYER 2
iy
=
N 251
g ;
g . LAYER [
“ .0 g [ x £ 1 i 1
S‘ 7073 107 0™ 10° 10’ /0* 103
% DIMENSIONLESS TIME , /¢
FIGUREB. -

DIMENSIONLESS CREEP FUNCTIONS -SYSTEM 1.




2at

DIMENSIONLESS CREEP FUNCTION, ®“Yps o)

™
N

~
Q

Q
«

IS
N

>
r O

LAYER |

/ LAYER 3

o
&

8
&

'

LAYER 2

. }

/072

107¢

I/ 10"
DIMENSIONLESS TIME,

/0%
Yz

103

FIGURE /9. - DIMENSIONLESS CREEP FUNCTIONS -SYSTEM 3




€qt1

DIMENSIONLESS CREEP FUNCTION ®“psry

~
o Q

-3

N
()

- LAYER 3
LAYER 2
/
LAYER |
7078 107 /0~ /70° 0’ - /0% 103

DINMIENSIONLESS TIME, Y=

FIGURE 20.~DIMENSIONLESS .CREEP FUNCTIONS -SYSTEM 4




HGT

ﬂ .

324t

S - -

Szt | | —

Q ; _ v
(-

> | LAYER 3

D

=o8

\; CURVE A CURVE B

< LAYER/ LAYER |

N 2.6F |
BN

S 05 |

e LAYER 2

Noe

0

Joz}

S

o~ .

h ) ] 1 i : 1 1
g /073 /072 /0” o° o /0% /0®

= DIMENSIONLESS TIME, “/z

Q

FIGURE 2I. - DINMIENSIONLESS CREEP F UNCTIONS 5)’57'£M 5



56T

VERTICAL DEFLECTION FACTOR,

>
Qo

W./z/?xgsfca)x H,

2

Ssystem2|

SYSTEMS |

SYSTEM |

SysTem4|

| L] 1 1

FIGURE 22.

10° /0° /0* 10%

DIMENSIONLESS TIME, Yz
INFLUENCE OF MATERIAL VAR/ABLES ON
VERTICAL DEFLECTION FACTOR - 4- SYSTEMS.



95T

S

| g

Q

N

-8. .
f{./H,-'-'I-o

% . Ala=zr0 |
l‘\\ < RfH,=21-0
. U x . z/ﬂ,=0-0
m ’\ -7-

3 8

W T

Wy Q | |

Q x.d Srsreie O

- 5 [ curve 8

< ¥ .

QO

Ny

\ ¢ S

$ SR

/0-&' =/ '0 'l L
/0 /0 o - 1* w0

" DIMENSIONLESS TIME, /7

FIGURE 23. INFLUENCE OF MATERIAL VARIABLES ON
VERTICAL DEFLECTION FACTOR - SYSTEM .

. ’Zg



- LST

RADIAL DEFLECTION FACTOR, /g, p ot

18

738

7%

.12 -

.Io. . :

[ ] A . - (] . r I A

107 07 /0° 70’ 702 /03

DIMENSIONLESS TIME, Y=

FIGURE 24. RADIAL DEFLECTION FACTOR FOR SYSTEM 2




8at

RADIAL STRESS FACTOR, ®/q

20

VA2

lO

o5

.0

\
SYSTEM 2

HyfH, =1
AlH, =1
R/ =0

/0%

FIGURE 25. RADIAL STRESS FACTOR FOR  SYSTEM 2

0’ 0° 70’ 70*

DIMENSIONLESS TIME, Y¢

(7




66T

0-8f HfH=10 .
Aln=1-© ' ) R o
SYSTEM 5
.\0~ SrYsrem 2
Q'
]
& -
R
3
W
a
k]
K
W) ,
?(z - 8ysrtem/
- 3 SYSTEM 4
E o7 b :
W
; A [} 3 ¥ ] 2
6% 0’ /0° /0’ w0’ /0%

DIMENSIONLESS TwiE , Y7

FIGURE 26. INFLUENCE OF MATERIAL VARIABLES ON VERTICAL
| STRESS FACTOR.~ 4 SYSTEMS -



09T

HfH=1-0
0-8 AlH=1-0 A ‘
| RM=e-0 | S
07 Z/H=o-0

@
S
#

SYsTam §
 o-Slcurvs A

Ry
"y
S
~
.SQ’ 0.4
K SYSTEM S
4 . curve 8
i g
5.
3
R ol
4
g 1 ' y ’ 1 1 ‘
0% w' 10° 10’ - 0f 05

DIMENSIONLESS TIME , /%

FIGURE 27.  INFLUENCE OF MATERIAL VARIABLES ON
- VERTICAL STRESS FACTOR .- SYSTEM §



9T

0-2

n\o\ - srsr;u} |
015
§
Q
T
o/
2
%
; {
2‘: . 0-05- SYsTEM 4
3 o evsvEm 1
9 ) ) - . oy
162 1"’ /0° s0’ 10% 0°
OIMENSIONLESS TIME , &/T
FIGURE 25.  INFLUENCE OF MATERIAL VARIABLES ON

SHEAR STRESS FACTOR . - & SYSTEMS

— SYSTEM 8 :




c9tl

N
O

"j!ﬁp -’I
AlH, =
A R/H, r—l

Z/H,=D

n
o
Y

-~

W
i
S
R
Y
W

SYSTEM 5

SHEAR STRESS FACTOR, —R%/q
. '3 * .

o)
v

1672 107! 10° (o' Yok 0%
DIMENSIONLESS TIME, =

FIGURE 28. - INFLUENCE OF MATERIAL VAR/ABLES ON
SHEAR STRESS FACTOR. - SYSTEM §



€91

0.27

H/H = 10 —SYSTEM 2

Blify= 00 DURATI S B
ON =0-02 |
0.2/ .glﬂl="l-ﬂ _______ 2

EIRICH = .05

DURATION =0 -0/

VERTICAL DEFLECTION FACTOR, "&/piney

10° Y 0% 0%

NUMBER OF REPETITIONS, N

FIGURE 30. INFLUENCE OF DURATION .ON VERTICAL
DEFLECTION FACTOR



9T

VERT/ICAL STRESS FACTOR, -%%/4

| #Holth = 1O 5YS. 2
125 + A/H, = 1O —_——— 8Y5. 3
Yige
o L r = O o e e e e = .
PERIOD =05 - - . ' } DURATION=02

.095 L <

.080 |

—

.050

} DURAT/ION=.0!

.03%5 N _ -
————— T b "‘,'}DURAT/oNaoos o
020 4 :
,005 | 1 [ Y : 1
10° 10! 10% /03 104

NUMBER OF REPETITIONS , N

FIGURE 3I. IMFLUENCE OF DURATION ON VERTICAL
| STRESS FACTOR




S9T

SHEAR STRESS FACTOR, ~Thz /g

-040 |

.035 |

-0/5

.0/0

000

.030 |

029 |

.020 |

005 L

FofH, =10 — SYs. 2
R/H, =10 ‘ -
Z/H =00 =
PLRIOD = 05 7

DURATION=.02

" DURATION=.0/

| DU/‘«’A,T/ONz,OOS “

70° 10 /o‘ | /o-‘ /04

[3

NUMBER OF REPETIONS, N

FIGURE 32. INFLUENCE OF DURATION ON SHEAR

STRESS FACTOR



991

VERTICAL DEFLECTION FACTOR, “&/gxp,6)x 4,

iy
&

INITIAL OFFSET FACTOR = S5.0
4l=VELoC/Tr AcTOR =0-5, 075,/-0
/%/ﬂ'z /-0 .
AJH,= -0 _ ’ :
Z[#H,= ~/-0
® LOoAD DREcTLY OY&R POINT

12 R ‘ 16

DIMENSIONLESS TME , C/7

FIGURE 33. MOVING LOAD - VERTICAL DEFLECTION FACTOR

SYSTEM 2



L9T

SURFACE VERTICAL DEFLECTION FACTOR, W/qx Ds(cn)xH|

1.5 [
- INITIAL OFFSET FACTOR R/H,=5.0
- VELOCITY FACTOR VT/H, = 0.2
- H,/H =10
.0 A/H =10
- N
0.5 |- ™
= ‘ ’
MOVING LOAD SOLUTION O
¢ O STATIONARY LOAD SOLUTION D
0 _ | 1 | | | | ! : I
0 : 10 20 30 | 40 - 50
. DIMENSIONLESS TIME , b/«
FIGURE 34. MOVING LOAD - VERTICAL DEFLECTICN

FACTOR ELASTIC SYSTEM.



89T

VERTICAL DEFLECTION FACTOR, “z/gy Dy, H,

o2

/-4 F fé’ﬁ’-fﬁ'/'o
' AlH,=7-0
'z/,%a -/-O
,.2 = -
/-0

0-8
-6

o4

INITIAL OFFSET FACTOR B 5.0
YELOCITY FACTOR V%’/H‘ =08

— SYSTEM 2
—-——— SYSTEM 3

OVER POINT

) Lwﬂb DIRECTLY
[}

3 é 9 2 % 8
DIMENS10MLESS  TIME, t/% o
FIGURE 35. MOVING LOAD COMPARISON - VERTICAL DEFLECTION FACTOR



69T

VERTICAL STRESS FACTOR, ~i/q

2 a 6 e 10 1z 1
DIMENSIONLESS TimE , Yz

FIGURE 36. [50YiiiG LOAD COMPARISON - VERTICAL STRESS FACTOR

- /6

INITIA L OFFSET FACTOR = 80
vELocITY FAcror VTy =05
- |\ HHEro
o-7F Af42 70
z/HF0-0
o0-6r —Y3TEM 3
~== SYSTEM 2
o5+
004 p
olg ol
o2 .
LOAD
DIRECTLY OVER\\
o’F PoiNnT

¥/




C 0Lt

SHEAR STRESS FACTOR, ~™=/g

15}

INITIAL OSESET FACTOR © 5.0
VELOCITY EACTOR , YT/ H,2 0.5

-25¢ Hé/H,r /-0

A/Hx= 1.0
z/H= 0-0

\

' N
LOAD DIRECTIIN
OVER . POINT

2 4 6 & (0 Iz I4 6 /g
DIMENSIONLESS TIME, Y%

FIGURE 37. MOVING LOAD COMPAR/SON -
SHEAR STRESS FACTOR

SYSTEMS 2 AND &



T.T

| BfHe OO PER/OD =0-06 ——— .SYSTEM.Q
o9 AluFt-0 DURATION = 005 SYsteM 3
o Z/Hla:-l'o
~ .
5 | |
\ ﬁ ' . . .'
t @ oSt : — Nx/00
Ly M : S
8 Q
y x e
Q Q‘ \ ""‘"-—-‘ _____ S————— - /V._-,/a
I ¥ 20 | ' — : NE=s0
o v : S .
0-/0‘5 , /-0 ' /-5 20 2.5

20
HEIGHT FACTOR OF SECOND LAYER, "2/,

F/GURE 38. INFLUENCE OF HE/GHT FACTOR ON VERTICAL DEFLECTION
FACTOR - '



2L

VERTICAL DEFLECTION FACTOR ,"pubods,

PERIOD =0:08
DURATION = O - O
HfH, =1-0 .
A/H =r-0 —
R/Ho =0’a ’

°
®
)

06 | |
— SYSTEM 2
N=/0000 | == SYsSTEM 35

0.4

0-2

o-oL ' | 1 1 L L S =

e -0-§ oo - o5 /-0 /5 2.0

DEPTH FACTOR, Z/H,

- FIGURE 39. INFLUENCE OF DEPTH FACTOR ON

VERTICAL DEFLECT/ON FACTOR.



€LT

VERTICAL STRESS FACTOR, -

N
N

~

.02

- A/H, =10 - - —.— SYSTEM 3
R/H 00 R k M3
PERIOD=,05 |

YURA TION =.05

.

0.0 0.5 7.0 /5 20
DEPTH FACTOR, %/4,

FIGURE40.-INFLUENCE OF DEPTH FACTOR ON VERTICAL
STRESS FACTOR. |



hLT

- H/H=1-0
AlH=1-0
p/f;:ﬁo

N=/0 PEZRIOD & O-0OF

BYLATION = 0 .05

pNEl  sysTEM 3

=== SYSTEM 2

O
? o f5-
N
!
~
& .
)? ' (- o
g ™~
DN
7]
= 0-O5F
% .
2
¥
0
o a0
FIGURE <4I.

OEPTH FACTOR, Z/H,

INELUENCE OF DEPTH FACTOR ON SHEZAR STRESS FACTOR



GLT

{ o

H/H =1 o , . /// — SYSTEM’Z»
Lop ;//Z& fg . - ———SYSTEM2
= , ' s '
| PERIOD =05 L
DURATION =.05 / o o

VERTCAL DEFLECTION FACTOR, “sfpxytrt

.oa i B | . a 'y 1 » 1 :

05 /0 /5 2.0 2.5 3.0
RADIUS FACTOR, Al | .

FIGURE 42 ~INFLUENCE OF RADIUS FACTOR ON VERT/CAL
DEFLECTION FAC TOR



9“:. .

VERTICAL DEFLECTION FACTOR, “aupstecr ts .

| H,/H, = 1.0 PERIOD = ,05
- A/H, =10  DURATION =.05 ~ |
Z/H, =10 SYSTEM 2
| ——— SYSTEM 3
gl X ¥ T P XL Yy
-.25' L 1 . | [
© / 2 3 4 5

OFFSET DISTANCE FACTOR, R/,

F/GURE#S—/NFLUENCE OF OFFSET DISTANCE FACTOR
ON VERTICAL DEFLECTION FACTOR.



Lt

R T s A4 | . === SYSTEM. 2
K3 AJH=10 ] | — ‘SYSTENM 3
g Z/H:00 - |
v | PERIOD =05 -
R
O
B
n
25
'~
7Y
N 00+
§ _
~
&
_.k .25 , .

Z 2 —3 7 5
OFFSET DISTANCE FACTOR, %y,

FIGURE 44. ~INFLUENCE OF OFFSET DISTANCE FACTOR
ON VERTICAL STRESS FACTOR.



LOG DIMENSIONLESS TIME, t/T

FIGURE 45. DIMENSIONLESS PAVEMENT
SYSTEM NO. 6.

178

?A/HI"I
N A
y v ¥ r :
VISCOELASTIC ¥ =0.5 S
- 3 - N . @ v T >
ELASTIC V=05 o HZ{H|
VISCOELASTIC v =0.5
. VZ/H, =~ q=86 psi |
Dglea) = T2 %10 iy
H =5 on ’
Z 5
o : —
£ S
. : =
Z LAYER 3 >
Z- 0.0195 - a
w s w W
w 8 _—
x =, i
& Q — ©
o D R
o = | W
aa 7 NLavER | | L3
= \ 0.00692 = Z
2 _j/ LAYER 2 9004 = 2
: L
Y 003 =
B : 4 ‘ (a]



- 6LT

100 -

DAMAGE KERNEL, B, (STRAIN UNITS)”
(&}
@
I

NUMBER. OF LOAD REPETITIONS, N

FIGURE 46. THE LINEAR KERNEL FUNCTION OBTAINED FROM THE FATIGUE
| EQUATION GIVEN IN THE TEXT, ,



08T

s
TENSILE STRAIN, B x107/21

Z/H, =

H,/H, = 2.0
A/ H =10 | |
R/H =01 - e ———— ——————

EXTRAPOLATED TO/
10’ REPETITIONS |

PERIOD = 1.0
DURATION = 0.

NUMBER OF LOAD REPETITIONS, N

FIGURE 47. ACTUAL MANNER OF BUILD-UP OF TENSILE STRAIN AT THE

BOTTOM OF THE SURFACE LAYER.




8T

o
X"_- o
< 10" |
\ .
z
<
10 |

2.4 . : . :
o ' DISTRIBUTION OF CRACKS ON SURFACE AT -THIS
Q NUMBER OF REPETITIONS, 107, IS STILL NOT
w o2 L SIGNIFICANT ENOUGH FOR WIDESPREAD FAILURE.
z .
©
-
<g
(8.4

3
E o100 |
8 : 15
= WIDESPREAD FAILURE OCCURS AT I0
8 . APPLICATIONS FOR STRAIGHT LINE
w 107k EXTRAPOLATION OF DAMAGE CURVE.
§ , .
<<
o |0"5 7 1 ] ' i I L | ]

10° 10’ 10° 10° 0% 10° 0 10

NUMBER OF LOAD REPETITIONS, N

FIGURE 48. PREDICTION OF DAMAGE PROGRESSION IN ASPHALTIC CONCRETE
IN SURFACE LAYER WHEN TENSILE STRAIN OBTAINED FROM
MODEL I IS AS SHOWN IN FIGURE 4T.



gl

E;

TENSILE STRAIN,

0.06

0.05

0.04

0.03

0.02

0.01

NUMBER OF LOAD REPETITIONS, N

FIGURE 49. ASSUMED MANNER OF BUILD-UP OF TENSILE STRAIN AT THE

- BOTTOM OF THE SURFACE LAYER.




- €8T

J 'O DISTRIBUTION OF CRACKS ON SURFACE o
= IS WIDESPREAD AT THIS NUMBER OF I B
= [ REPETITIONS.  FAILURE IN FATIGUE
| THEREFORE RESULTS AT APPROXIMATE-
g" LY 10* REPETITIONS., | | |
iy o ~THE LIMITING STRAIN FOR THIS CON-
< DITION FROM TENSILE STRAIN CURVE
- IS APPROXIMATELY 4.7%.
Z .
2 |
— O5F
<
x
- =
=
Ll
1S
= B
(@]
-Q
¥ 5
(O]
<
E B
<<
< a L | 'y ! ! 1 ! \
ol - —

10° 10’ 102 10° ot 10° 108
NUMBER OF LOAD REPETITIONS, N
FIGURE 50. PREDICTION OF DAMAGE PROGRESSION IN ASPHALTIC CONCRETE

IN SURFACE LAYER WHEN TENSILE STRAIN OBTAINED FROM
MODEL I IS AS SHOWN IN FIGURE 49.



' VII - CONCLUSIONS

'Iﬁ;thislstudy, two models have been presented to
accouht forifhe primary and ultimate response behavior
of a three layer linear viscoelastic system which can be
considered as representative of‘é'pavement struéture in
a given traffic and climatic environment,

The models can be used as a first appfoximation
to rationally account for two of the currently observable
factors responsible for the physical distress of such
structures. On the one hand, the primary model may be
employed to estimate the pérmanent deformation resulting
from repetitionsvof load at a specified frequency; on
the other hand, with the damage model, the fatlgue life of
the structure may be predicted,

The primary model is capable of identifying the
»indicators of structurél inadequacy by predicting the
magnitudes of the stresses and displaceménts induced at
any point in the system due to load applications of the
type considered in the study. When these magnitudes
exceed allowable values set by experimental observation
for the layer materials,'macroscopic distreés in the form
of-extensi&e cracking, and disintegration will result. The
analysis can be made for different system geometries,
different load characteristics, and different material

properties'which may be functions of both time and fixed
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Wtemperature; Consequeﬁtly; it is possibié ﬁo account for
ﬁhe influenées of pafamétérs sﬁch'as thé radiﬁs of the
loaded area; the systém_gedmétry; the systém propértiés;
and thé load configuration on thé méChanical résponsé of
the system; |

/ The systems framework within which this work has
beén undertaken is significant and points a direction in
which future research and develdpméntal plané in pavémént
technology should proceed; As suggésted in the first
chapter, a significant effort should be undertaken to

--develop reliable models for the assessment of the appropri-
ate maintainability; reliabilit&; and servicéability
requirements of a particular'pavémént strﬁcture: To
this end, some of the initial considerations in the develop-
ment of such a program have beén satisfiéd by the models

presented,

185



© VIIT - SUGGESTIONS FOR FUTURE WORK

The models which have been utilised to analysé the

response béhavior.of pavément systéms are linear and

»wdetermihistic inwnature: -In the’dévelopmént of the primary
model, for instance, inertia and edge effects are neg-
lected, It is assumed that the layer materials are linéar:

“-homogeneous; and isotropic; etét For the damagé modél;
only the linear aspects of damagé béhavior‘havé béen con-
sidered, The validity of such assumptions must; théréforé;
be further investigated; In .this féspéct; two major aréas
of investigation seem to suggést themsélvés.

First, research must be conducted‘to dévélop

realistic characterization méthods for the materials
employed in the bullding of pavemént structﬁrés: 'Environ;
mental actions have varying dégreés of éffect; some of-
which have already been discussed: depénding on théir
history; distribution, and variation: A thorough stﬁdy of
environmental effects on roadway performance shoﬁld:-
therefore;‘yieid valuable information on the dégreé of
linearity and uniformity of layer matérials: From such
studies; appropriate non-linear and stochastic modéls can
be postulated; Invaddition; the neéd for laboratory
testing of the baving materials under compoﬁnd loading

- programs of the type encountéréd in thé fié1d cannot bé
rover-emphasised; The résults of such tests will aid in

the development of damage kernels othér than the linear
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~type for—distress under repeated loading. Methods of
extrapolations to field conditions can thén be pbstﬁlatéd
and tried out.
A second major area for further invéstigation 1s the
- Tdetermination of.réalistic inputs other than métérial
'mproPerties into a suitable model for the stress and
déformation analysis, This-woﬁld réqﬁiré a prbpér idéntig
fication of thé space and time characteristics of the
applied 1oads; and appropriateAfailuré criteria for éxisting
pavement structures; The model used shoﬁld; théréforé;
incorporate layers that are fihite and not infinite in
horizontal extents, |
With such an approach; edge effécts can bé accountéd
for. The model, as was mentionéd béfore; shoﬁld also pos-
sess realistic material propertiés. To this énd:‘thé
viscoelastic analysis presented in this.stﬁdy is an
- Improvement over currently used elastic‘onés; i:e:; rate
and accumulation effects have been accounfed for; the rut
depth can also be estimatéd: Howévér;.only distress in
the form of fatigué has been considéred: The othér typés
of distress can be approached in a similar manner once they
have been identified. Finally, the effects of inertia
should also be investigated.
The above observations indicate that the actual
model would be complex, since the interaction of all the
aforementioned effects, some independént and some not so,

must be accounted for., Similar techniques as the one used
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1A

in this study to connect a degree of cracking to a
level of strain will have to be instituted tb‘éét a
more rééliétic picture:of pefformancé: After éll thi$ is
done; the,préblem,can bé éttackéd ﬁsing the systéms
<ﬂanalysis.approach discussed in Chapter‘I:

To céhclude this séction; it may be worthwhilé to

mention that the damage—modél as pfésénted is one dimen._
wwsional; 'However; the possibility of multi-stress or strain
behavior during damage propagation does exist, as borﬁe
out by the discussions on failure in Chapter II,

It may be true in the case of damage propagation under
fatigue that a single mﬁydimensiénal stress or strain,
rather than a tensorial quantity, governs the'propagation.
The only way to verify such suspicions will be to judi-
ciously observe damage progression in real pavement struc-
tures so as to define a critical energy, stress or strain
combination at failure. Once this has been done, the
model can be modified accordingly. The next phase of the
work should consider the application of stochastic methods
to the pfesent analysis so as to achieve more realistic

response predictions,.
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APPENDIX A

‘Definitions of Symbols

P, | pérformange.level:attime t=t,

D, degree of.damage accumulated from zero history
of load application t'o‘timeAt=ti

*ij - --a set .of vafiables or a tensor responsible for
causing damage

L(t) . 'life remaining in a material or structure
(at time t) where it is under an arbitrary

loading history

B; () linear and non-linear damage kernels

Bij( ) linear and non-linear damage kernels

Hij( ) - a tensor responsible for causing damage

BL anluﬂacceptable 1eve1.of performance

MR Resilient Modulus

v. distortional_ﬁelocity

9ps %95 OZf Trz stress components in cylindrical
coordinates

w, u displacement componentsvin cylindrical
coprdinates |

v? the Laplacian Operator

Y(m, t) system function

D, (%) creep function
Er(t) relaxation modulus
SR(t) response function
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UF(t)

_A(S), A

A(S)
Re

1N

L

/

[

input function

ij-(S) damagé concéntration

damage concentration factor
1ife remaining after N repetition

full life
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PAVEMENT :

SERVICEABILITY:

RELIABILITY:

" 'APPENDIX B

" Definitions

As used in this study; it is the composite

of the surface, base, and -subgrade layers,

i,e,, the entire structure;

The ability of the pavement to serve

mixed truck and automobile fraffic. In

practical terms; it is a subjective value

detgrmined from a user's conception or

perception of the level of cémpetence at

which the payemenﬁ is executing its

multi-purposé functions, ( 39)

a. Spreading the wheel load to match the
supporting power of the subgrade,

b, Providing traction and a smooth
riding surface,

¢, Protecting the subgrade from deter-
ioration‘caused'by the ravages of the
climatic conditions,

The probability that the pavement will

berform its stated functions satisfactorily

for a given period of time under a given
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set of environmental condifions. it
accounts for the Vgriability and uncertainty
‘often encountered in nature and therefore
automatically qbnsiders the role of
chance in the design process (76),
MAINTAINABILITY: The characteristics (both.qualitative and
quantitative) of material design and in-
stallation which make it possiblevto
meet operational objectives with an opti-
mum expenditure of maintenance effort:
(manpower, personnel skill, test equipment,
“technical data, and maintenance support |
facilities under operational environmental
conditions in which scheduled and un-
scheduled maintenance will be performed,

" A More Precise Definition-

Quantitative: The probability that an item will be
| restored to specified conditions withih
a given period of time when maintenance
action is performed in accordance with
specified procedures and available

resources ( 77),
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- APPENDIX p

/ The technique that was utilized to obtain the'solu-
tioﬁ to the integral‘expfession (65) is described below in
. detall, Consider a load q(t) aﬁplied to the surface of a
linear viscoelastic system, If the density function of -the

load is ‘(X,t) then the load will be given by
| X
a(t) =.f; p(X,t) dX (AI-1)
X |

~where .

[><l:
1l

coordinates referred‘to an arbetrafily,
fixed system of coordinates, as distinct
from that of the 1in§ar system
t = time variable
Let response to a glven density function ‘
| | p(X,6) = 6(X-Xo)H(t-1) (AI-1)

where

p(X-Xo) the dirac delta function repre-

senting- the spatial variation of

the density function

H(t-10) the Heaviside step function répre-
' senting the temporal variation of

the density function'_
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X = the distance of the load from the origin
of a fixed system of coordinates as
" distinct from that of the linear system¥

T = the time of the application

be given by

T (Koot = f(X,)e(t-1,) . (A1-3)

where

%%
f(%g the spatial part of the response and,

g(t-To) the temporal part of the response,

The response to the load g(t) in equation (Al-1) is

then given by

I Yp(XO’t)dX o (A1-4)

If the load is applied in such a way that its density

function has the following form,

——

The linear system-coordinates are related to those cf the
arbitrarily fixed coordinate system through the equation

— e —

*

Ry = |R0~Xi|where R, = initial distance of load from
' point of interest
Ri = distance from point of interest
at any X3

¥%¥ f(X,) can also be a function of time if X, = X(T).
In fhat case, yﬁ(XO,t) =y (t) '
.p .‘p
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“”;ﬁ(fola’{H(t“Tl) - H(t-rz)]'

b 8(-Xy) [H(b-1,) - H(t-15)]

Favrh voen van bt (A1-5)
+ 0 8(X-Xy_p) [H(b-1y ;) - H(t-1p)7

¥ 8(E-Xy) [H(t-1y)]

then for very small values of AT = the discrete

Ty~ Tios
application above corresponds to the continuous application

of a moving load, The respcnse for this case is given by

Ypl (t) f(Xl)[g(tmTl) - g(t - T2)]

+ 200 [E(E-T,) - (T3]

+

+ v
o 6 0 5 0 8 06 0 0 .
— .

+ 20X lelt-ty_) —e(t-t)] + £()e(b-1y) (A1-6)

“i.e, at any tN’
N-1
(t

Ypp(ey) = B0y Da(e-ty) - (b=t 4 )] (A1-D)

+ £(X) &(0)

For the total load the full respocuse is given. by

£5

Y 1 (gy)aX (A1-8)
X
-1
For the‘ﬁroblem considered in this study, f(Xi) is

analogous to J _(m, (R-Vt,)) (A1—9)
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g(t-1,) to wv(t-wi;mk) (AI-10)
and

y(ty) to g (ty,m ) . (a1-11)

The value of the integral for wmo(t;m); equation
(64) is obtained using a finite difference technique as
the one descfibed ab0V¢;,er 91 values of m spaced 0.1
apart with 0 <m < 9,

The ihtggral for the moving load equation (65) is
then evaluated using Simpson's Rule and the range 0 to 9.
The rest of the integral from 9 to » made a negligible
contribution to the results.

In the finite difference technique,.accuracy is a
function of the size of the interval AT and increaseS with
the number of time intervals in a curve whose slope de-
creases with time and apbroaches a zero value, However,
the computation time increases exponéntially with the num-
ber of time intervals. A qompromise therefére had to be
effected between the computation time and the accuracy. A
value of At = 0;5 was deemed reasonable after choices

At = 10,5,2.5,0,5 and 0.25,
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