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I. INTRODUCTION 

An understanding of what constitutes failure in pave

ment structures and what factors contribute to damage 

initiation, propagation, and accumulation is important to 

the development of a rational method of design. This study 

reviews the state of the art in the area of pavement damage 

with a view to identifying the pertinent damage mechanisms, 

and presents a damage formulation for highway pavements. 

I.l PERFORMANCE OF ENGINEERING STRUCTURES 

The performance of a pavement structure in a given 

traffic and climatic environment may be defined as its 

ability to provide an acceptable level of serviceability, 

with a specified degree of reliability for an assumed level 

of maintainability (1). The impairment or loss in the 

ability to provide the necessary services in a given locale 

may then be considered as the 'failure' of the pavement. 

When viewed in this context, 'failure' becomes a loss in 

performance; it is the extent to which the pavement has 

failed to render itself serviceable, and it results from 

an accumulation of damage o~er a given time period. 

The failure age or the life of the pavement is then, 

the time during which serviceability deteriorates to an 

unacceptable level as determined by the users. 

The question of what is the unacceptable level of 

serviceability at which the pavement must be considered 
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failed is a highly subjective ma-tter. It depends on the 

user's evaluation of the performance, and it involves many 

intangible and not easily quantifiable factors such as cost, 

comfort, convenience and safety. The problem is further 

compounded by the fact that there does not exist a usually 

accepted and comprehensive function describing the pavement 

serviceability in terms of damage parameters. Presently 

one can only assume that pavement failure is a many sided 

problem, and it is the result of a series of interacting 

complex processes norie of which is clearly understood. 

Therefore, in order to present an integrated compre

hensive picture of failure, each of its components has to 

be studied in detail. From such studies, methods may be 

developed for analyzing the effect that each component 

has on the behavior of the structure. Finally, all of those 

methods may be grouped together in a meaningful way so 

that for any given environment, the performance history 

of a pavement can be predicted. This study investigates 

'failure' from the "structural integrity" viewpoint with 

special emphasis on load-associated factors affecting the 

structural integrity. It must therefore, be emphasized 

that this is only one aspect of the 'failure' problem. 

I.2 THE STRUCTURAL INTEGRITY OF THE PAVEMENT 

The structural integrity of a pavement may be defined. 

as its ability to resist destruction and functional im

pairment in a particular traffic and climatic environment. 

2 
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Under the combined destructive action of these elements 

several distress mechanisms develop within the structure 

and propagate either independently of each other or through 

interacting complex processes to produce eventually any or 

all of these broad groups of distresses: disintegration, 

distortion, and fracture (rupture) • 

In order to develop a thorough understanding of these 

mechanisms one has to trace the path from the time of 

initiation, through propagation to that of global manifes

tation. 

Although it is realized that field behavior results 

from a series of interacting complex processes, and that 

all distress mechanisms must be analyzed in order to pre

sent not only a realistic but also a totally comprehensive 

picture of damage behavior, only the distress occuring 

as a consequence of mechanical loading has been investiga

ted. The motivation for doing this sterns from the fact 

that an extensive amount of work has been done experi

mentally on the modes of damage associated with mechanical 

loading. This makes it possible, to a certain extent, to 

adopt certain assumptions as to the manner of damage 

propagation in this mode of loading. 

This study is presented in five broad sections. The 

discussion begins with a close study of the conditions 

governing the initiation, propagation and attainment of 

critical size of the defect area in engineering materials 

under arbitrary loading histories. It provides the back-

3 



ground work necessary· for the 'development of the cumulative 

damage mode 1. 

Having established the·· conditions governing the 

physical failure of engirteeririg materials in general, the 

pavement system is·· investigated with a· view to identifying 

the variables which af feet its performance and subsequently 

bring about ultimate distress in a given environment. On 

the basis of the conclusions arrived at, a framework for 

cumulative damage is developed, and examined through com

puter simulation techniques. 
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II. REVIEW OF LITERATURE 

An engineering structure can be modeled as a transfer 

function for which the input functions are determined by 

the environment where it operates and the output functions 

by some damage parameters. The determination of the trans

fer function of the system may be made either by a statis

tical analysis of the input and output functions of a large 

number of actual systems, or by using models derived from 

the principles of mechanics. The statistical approach was 

preferred in some cases (AASHO) but it is not satisfactory 

because it does not lend itself to the prediction of the 

behavior when new materials or new environments are used. 

In all the mechanistic models for the transfer 

function, the output functions, which are also called 

limiting responses are related to the stress and strain 

fields within the system, so tpat the geometry of the 

structure is not an explicit variable. Stresses, strains 

and their derivatives are called the primary response of 

the structure and are used by all the mechanistic models. 

The development of a mechanistic model for the trans

fer function of a highway p~vement, therefore, requires: 

a. Determination of Constitutive Equations of the 

Materials Making up the Structure, i.e. Characterization 

of the Materials. 

b. Development of the Formulations Required for the 

Stress Analysis of the Structure. These Formulations will, 

of course, Depend on the form of the Constitutive Equations. 
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c. Definition· of .the. da.m~g~ Parameters and develop

ment of the model which relates them to the primary response. 

II.l MATERIAL CHARAC:TERIZATION 

II .1.1 Functional Rel~:tions. 

Studies of pavement, m~·t:eriais snow that linear rela

tions are often merely a c'rude approximation of reality. 

In particular, granular ma te~iais were found to exhibit 

distinct ~onlinear stres~-strain r~laiions (e.g. Biarez (2)). 

Similarly clays and other· cohesive materials which are 

often used· as subgrade · material's cha~ge properties with 

age, load level, and duration of the load, so that linear 

elastic characterization is not always sufficient. Finally, 

both portland cement concrete and asphai tic mixtures exhibit 
. 1 : ,. ' 

aging and some other time-dependent behaviors. 

A large arrount of research has beeh devoted to the 

study of time-dependent behavior of asphal tic mixes. Most 

of the results show that for small enough strains the mate

rial can be characterized by' the linear vi·scoelastic theory. 

Deviations from linear viscoelastic behavior are apparent 

for the high temperatures, long time.response and large 
./··. ·. 

stresses or strains. Attempts were made to establish ·the 

limits of linear v:,iscoelastic beha,vior (3). Under repeti

tive triaxial loadings, Terrel '(4)·observed marked non

linear time dependent behavior. Under these conditions, 

uniaxial characterization of materials is not always 
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satisfactory and a more general approach to the characteri

zation of nonlinear time dependent materials is required. 

In this context, characterization of a material 

means the determination of the Constitutive Equation, i.e. 

the properties of the material which relate the stress and 

strain tensors at each point in the material. 

Some physical and mathematical requirements bound 

the arbitrariness of the form of a Constitutive Equation. 

The principle of causality limits the number of variables 

to be considered; the principle of determinism restricts 

the dependency of the constitutive equation to the past 

history of the particles of the studied body: and the prin

ciple of material frame indifference (5) states that the 

constitutive equation is form invariant to rigid motions 

of frame of reference. These are the basic principles. 

In the case of the so-called simple materials, the consti

tutive equation can generally be expressed as: 

-r=t 
T ( t) = G [E ( T) ] 

,:-=co~ 
(1) 

where Tis the independent variable which measures the 

history time - 00 <-r<t, E (-r) is the history of the Lagrangian 
- ~ ' 

strain tensor and G is the response stress functional of 

the material. T(t) is the stress tensor. Similarly 

-r=t 
E(t) = H [T(T)] (2) . 

T=.-.oo 

-r=t 
or F [E (T), T (T) ]=0 

1=-00 
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:i, r,:1 :, ·, •rr ·: ,,' .. 

are other possible forms of the constitutive.equation. 

Through considerations of invariance, the;e functionals G, 

~or! can be restricted to certain·f;rms involving specific 

c~Itibinations of the invariants of the tensors E and·T (6). 
, . ; ..... 

For def ini ti veness we will consider the Ri vl.:l..n functional 

Gin what follows. 

In the most general case the functional relation G 

has 81 components. However, considerations of isotropy 

reduce these independent components to two, while some

times five independent functionals are necessary such as 

for cross-isotropic axisymmetric systems.· 

In the review which follows we will limit ourselves 

to the uniaxial case ~here a si~gle functional is to be 

determined. The various representations of nonlinear 

functionals will be reviewed. However, at the present 
C 

time the experimental procedures for such determinations 

seem prohibitive, and the model which yield the primary 

responses would not be capable of' handling the added 

complexities. Thus emphasis will be put on the develop-
·-. ·} 

ment of a method of represen·tatio~ which yield the best 

first degree approximatio~ of the Constitutive Equation in 

conditions simulating as much as possible the type of 

stress paths encountered in the field. Such necessity 

has been early recognized in studtes of soil mechanics (7) 

and nonlinear elastic materials (8). 
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II.1.2 Mathematical Representations 

Integral representations of constitutive equations are 

flexible to use and a variety of ways is suggested in order 

to express them. Leaderman (9) suggested that the nonlinear 

functional be represented by 

cr ( t) E(t-T)og[e(T)] di: 
oT 

(3) 

where g[e(i:)] is now a function of the history of the strain 

e and E (t) is the relaxation function. Similarly, one 

can also propose 

( 4) 

as a nonlinear constitutive equation, where the relaxation 

function is a function of t-i:,e(i:). Note that the response 

of the material may be nonlinear even if e(i:)~ s(i:), i.e., 

the strains are infinitesimal. 

Many forms of nonlinear representations have been 

proposed, however their extension to the three-dimensional case 

often revealed their defectiveness because they did not 

satisfy the principle of material frame-indifference, i.e., 

the constitutive equation ,is not invariant when the frame 

of reference is given an arbitrary solid motion. 

Among the properly invariant stress constitutive 

equations, the most widely used one is that of Green and 

Rivlin (10). It is an expansion into an infinite series 

of multiple integrals similar to the Taylor series expansion 

of a function. This expansion 
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may be written as 

y{t) =·I:oohl {T)x(t-T)dT+ rr:ooh2(T1,T2)x'(t-Tl}x(t-T2),dTidT2 

t t ' ' ' ' .·,' ., ., 

+ • • • + f _c: • • f _oo hn ( T 1, • • • , Tn) ~ ( t--r 1) • • •.~. ( t..:~_n) d Tl• • • dTn 

+ ••• ( 5) 

where x (t) and y (t) , the input and output functions respec

tively may be a str~ss and a strain or vice-versa. hn(T
1

, 

.•. ,Tn) are the kernel functions to be determined. A 

linear system will be represented by a single kernel h 1 (T). 

The procedures used for the ·determination of these 

kernel functions may be divided into stress controlled and 

strain controlled experiments. Each group may be arbitrarily 

subdivided in turn into: 

1. Transient Input (see Figure 1) 

2. . Sinusoi.dal Input (see Figure 2) 

3. Random· Input 

The procedure :Used in the· l_atter case is described 

in Reference · (11) . · Since it uses random loadings, it can 

better simulate the field condition and it yields the 
I 

best linear approximation for· a nonlinear material. This· 

is often desirable so as to simplify the primary model. 

Transient and sinusoidal inputs are now commonly 

used for· the characteriza,tion of linear viscoelastic ·. 

materials.' The characterization of non·linear viscoelastic 

material is still impractical.and.;very time consuming. 

10 
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The new method of determining nonlinear constitutive equa

tions using random loading histories seems promising for 

various reasons: 

a. It yields the properties in the form of an 

orthogonal expansion. This property guarantees convergence, 

makes the calculation easier and minimizes the error, 

because the error in the representation of a function by 

a finite orthogonal set of functions is the minimum square 

error. 

b. Since a truncated representation of a nonlinear 

system depends on the type of input function which is 

applied, it is preferable that the input functions simulate 

as much as possible the expected type of input to which 

the system will be submitted later. Thus random testing 

may often be superior since it would approximate best 

the conditions to which the system may be submitted. 

c. Extension of this approach to three-dimensional 

characterization seems also easier than the extension of 

the classical methods using multiple-step and sinusoidal 

inputs. This is due to the fact that the number of tests 

to perform does _not increase dramatically but remains 

equal to one. The length of the computations will be, 

however, the limiting factor in such cases. 

d. This method may also be applied for field 

testing by considering the ,whole structure as a single 

nonlinear system. 

II.2 STRESS ANALYSIS 

Once the geometry of a structure is defined and 

the Constitutive Equation of its materials assumed, mathe

matical models can be derived for the prediction of the 
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primary responses. In the case of pavement systems, two 

types of constitutive equations have been assumed, one 

based on the linear elastic theory and the other on the 

viscoelastic theory. 

The simplest model, the homogeneous half-space, is 

one in which no change in material properties occurs with 

depth or with horizontal extent. Boussinesq (12) solved 

the problem of a point loa4 on a homogeneous half-space 

in 1885. His work was subsequently modified by various 

authors (13, 14), until Ahlvin and Ulery (15) presented 

a comprehensive table for the stresses and displacement 

at any arbitrary point in a half-space under a uniformly 

distributed circular load, for different values of Poisson's 

ratio. 

The homogeneous half-space has, since, been used 

extensively by several investigators as that representing 

a layered pavement structure. The major shortcomings_ of 

such an assumption is its lack of capability to account 

for the presence of different types of materials in the 

strata which exist in _a real pavement structure. 

In order to account for these variables in the 

mathematical model, semi infinite bodies composed of 

distinctly different materials in layered form are used 

and the distribution of the stresses and displacement 

boundary conditions are analyzed. 

Westergaard (16) developed the initial solutions 

for an elastic plate resting on an elastic subgrade which 

14 
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could undergo only vertical displacements or provide verti

cal 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 elastic theory was given by Burmister 

(17). He formulated the prob'lem for N-layered elastic 

systems by assuming the existence of a stress function 

involving Bessel and exponential functions from which he 

was able to develop and present the general equations and 

solutions for both two and three-layered systems. 

The use of a layered elastic system as a mathematical 

model for a pavement structure has been quite extensive, 

and several of the presently available design methods for 

flexible pavements are indeed based upon such analyses (18). 

This model is based on the assumptions that each layer 

is composed of materials which are isotropic, homogeneous, 

weightless and linear elastic. Also the boundary conditions 

at the interfaces assume a continuity of stresses or 

strains. 

The linear elastic assumption is often unrealistic. 

Indeed, time dependent stre,ss-strain relations are commonly 

observed in paving materials (19, 20). Thus the pavement 

structure is expected to be rate sensitive, and its 

behavior should depend upon its entire loading history. 

The theory of linear viscoelasticity was found to 

be suitable for both the characterization of the paving 
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materials and the development of mathematical models for 

stress analysis in pavement structures (21,22,23). 

The viscoelastic models for the analysis of stress 

and displacement in a pavement structure differ from those 

of layered elastic systems only in the material character

ization used for each layer. The geometry, boundary 

conditions and loading functions are exactly similar in the 

two models. Such similarities between the models have 

resulted in the development of a technique, 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 was presented in a pre

vious study (24) for the cases of stationary load, repeated 

load, and moving load. The viscoelastic method of analysis 

permits the computation of the primary responses of a three 

layer system under various types of loading histories. It 

can be extended to account for the stochasticity of the 

loading and environment histories. This method of analysis 

is restricted to materials having linear properties. The 

case of nonlinear properties is handled only by lineariza

tion of these properties. An important use of this method 

is in the study of the effects of changes in the different 

parameters characterizing the layered system. 

II.3 DISTRESS AND FAILURE OF ENGINEERING MATERIALS 

The intensive interest that has developed over the 
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past several years concerning the accumulation of damage 

in engineering materials and structures has its roots in 

the following questions: 

a. The problem of the life prediction of an 

engineering material or structure under 

an arbitrary load history in a given 

environment, 

b. the amount and distribution of damage in 

the material or structure under the 

arbitrary loading spectrum mentioned 

above, and 

c. the manner and rate of accumulation of 

damage. 

This section presents a concept of damage by examining 

the processes of fracture and flow in solid materials. 

It describes what the damage is, how it manifests itself 

and which parameters can be employed to describe it. 

Several observations are made about the distribution 

and propagation of damage within a material that is under 

an arbitrary loading history. Some well known theories 

and criteria which have been postulated for the failure of 

engineering materials are discussed. The damage of materials 

in a repeated loading environment is closely examined. 

II.3.1 Mechanisms of Damage 

Damage may be defined as a structure-sensitive 

property of all solid materials; structure sensitivity is 

imparted to it through the influence of defects in the form 

17 



of microscopic and macroscopic cracks, dislocations and voids 

which may have been artificially or naturally introduced 

into the material, thereby rendering it inhomogeneous. 

Characteristically, structure sensitive phenomena involve 

processes which grow gradually and accelerate rapidly once 

an internal irregularity or defect size exceeds a certain 

limit. Damage may therefore, be said to occur in a similar 

fashion. 

The progression of damage in an engineering material 

or engineering 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 operative if a material has undergone considerable plas

tic deformation or flow before rupture. The brittle con

dition, on the other hand, occurs if localized stress and 

energy concentrations cause a separation of atomic bonds 

before the occur~ence of any appreciable plastic flow. 

Note here that no mention is made of a ductile or a brittle 

material per se. According to van Karman (25), this implies 

that failure is not in itself a single physical phenomenon, 
I 

but rather a condition brought about by several different 

processes that may lead to the disintegration of a body 

by the action of mechanical forces. Damage may therefore 

progress within a material under the different mechanisms 

of fracture and flow depending on the environmental stress, 

strain and temperature conditions. For instance, low 
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carbon steel exhibits fibrous and shear types of fracture 

at room temperature, below -80°C brittle fracture occurs 

and integranular creep fracture is dominant in slow strain

ing at 600°C and above (26). A material 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 propa

gation in the two 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 propaga

tion of the defect and, 

c. a critical combination of stress and strain 

concentrations is required for the transition 

from relatively slow to fast propagation to 

catastrophic failure. 

The distribution and progression of damage in solid 

material is in itself a random process which is both spatial 

and temporal. Hirata (27) working on glass panes, and 

Joffe (28) on pyrex-glass 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 (29) in his investiga-
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tion of the creep fracture of copper under a uniaxial load, 

demonstrated a considerable scatter in the values of time 

to fracture of a group of specimens taken from the same 

stock. Further evidence of these random processes is to 

be found in the works of Yokobori on fatigue fracture (29), 

creep fracture and ductile fr·acture ( 30) ( 31) , brittle 

fracture and yielding in steel (32). 

The above concepts of damage progression to failure 

suggest that an engineering material or structure can fail 

under a given system of external loadings when either of 

the following two criteria is satisfied: 

The distribution of internal flaws is such that; 

1. Excessive deformation is attained {usually 

for ductile behavior), or 

2. a fracture threshold is reached.under an 

arbitrary loading history (usually for 

brittle behavior). 

From the ·foregoing discussion, it should be evident 

that the fracture of an engineering material is a statis

tical process brought about by the interaction of several 

complex mechanisms. 

Accordingly, over the years several reasons have been 

advanced as explanations for the observed behavior of 

'damage' in an engineering material, and based on such 

explanations several theories have emerged. Researchers 

have approached the problem both deterministically and 
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statistically from the molecular and phenomenological levels. 

On the molecular basis, the differences between the fracture 

mechanisms involved are emphasized, since at this level, 

the material is essentially discontinuous. 

On the macro level, the criteria for fracture are 

basically similar, and utilize the concepts of continuum 

mechanics. The fracture laws are generally based on either 

local or global energy, stress or strain concentrations 

within the material. 

Theories like the Eyring rate process (33) developed 

for viscous materials, Knauss theory (34) for viscoelastic 

materials and Weibull's theory (35) fo~ 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 

applied stress. The basic assumption is that an assembly 

of unit damage processes grows in a probabilistic ~ay to 

yield an observed macroscopic effect with temperature fluc

tuations and activation energy distribution playing a signi

ficant role. 

Weibull (35) studied the manner that probabilistic 

postulation about the size of the specimen would affect 

the fracture strength of a material that fails in a brittle 

manner. He assumed that the probability of failure P (a ) 
C 

of a unit volume as a function of applied stress ac is 

given by 

P(a ) 
C 

m = 1-exp[-(ac/a0 ) ] 
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where cr
0 

and m are constants dependent on material charac

teristics. 

cr relates to some inherent ultimate strength 
0 

m relates to material inhomogeneity 

Using this approach he· showed that 

a specimen of volume Vis proportional to 

the strength 

-1/m cr
0
v . 

of 

Though this result has met with some success, Frenkel 

and.Kontorova (36) claim that Weibull's approach is devoid 

of physical reasoning because of his assumption for P(cr). 
C 

They assumed that the specimen had flaws distributed in it 

in a Gaussian manner and obtained; 

= -
1

- exp[-(cr -µ) 2 /2v 2 

ffTT C 
( 7) 

where; 

µ=mean strength of specimen of volume, v. 
v = strength variance of specimen of volume, V. 

From the above equation for P(cr) they determined that the 
X 

strengths of specimens with volume V (with many flaws) is 

given to a first approximation by 

' 
Strength=µ - (2v) 1/ 2 /log nV - 2VIT ( 8) 

where 

n = number of flaws/cubic centimeter 

Such statistical theories have a significant advan

tage over deterministic concepts, because they account for 
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the role of chance in the behavior of materials. 

II.3.2 Failure Criteria 

From the phenomenological point of view failure 

criteria can be developed and applied to the material which 

is assumed to be continuous. These failure criteria may 

be suggested by the failure mechanism of the materials 

involved or they may be derived by trial and error. 

A general failure criteria would predict the failure 

due to any type of loading history. As seen above such 

a unified criterion is not known for any material. Instead 

different criteria are developed to account for various 

classes of loading histories. This approach is used in 

number of engineering practices. For example a maximum 

shear criterion is used for parts of a structure subjected 

to a given stress field, while a maximum tensile stress 

criterion is used. for other parts of the same structure . 
. 

Following a rational mechanics approach it seems that a 

general criterion should involve combinations of stress 

or strain tensors invariants. Novozhilov (37) has given 

physical interpretations to these invariants. 

Different failure criteria may be operating simul

taneously. However for a given class of loading histories 

it is possible to determine a general envelope involving 

stress or strain invariants. 

In practice some of the used failure criteria 

involve stress invariants such as the distortional theory 
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(38) or the octahedral shear stress theory (38) while 

others, such as the maximum shear stress theory (38) do 

not involve these invariants. Note that ai though these 

three criteria work well for metals and can be justified 

on a atomic scale because of the mode of crystal slip in 

a polycrystal, their application to the failure of other 

materials (sand, clay ••. ) is questionable. For these 

granular materials frictional resistance is proportional 

to the hydrostatic pressure. Coulomb failure criteria is 

found to be more suitable for these materials. coulomb 

postulated that plastic deformation will start on a slip 

plane through the material when the normal stress on the 

plane produces a frictional component which when coupled 

with the molecular cohesive strength of the material results 

in the shear resistance of the plane. The outcome of this 

was the Mohr-Coulomb theory (39), which was met with 

reasonable success in soil mechanics. Although, the 

criterion neglects the influence of the intermediate 

principal stress on failure, Bishop (40) and others have 

found it to be a satisfactory first approximation for 

three-dimensional situations as well. Some of the deter-
' 

ministic failure criteria try to account for the existence 

of defects or cracks in the material. This is namely the 

case with the Griffith theory (41) which states that the 

reason for the difference between the observed and calcu

lated strengths is the presence of internal flaws. This 

theory predicts the strength of material for a given maxi-
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mum crack size when the surface energy and the elastic 

constants of the materials are known. 

The Griffith theory has been used quite successfully 

to predict the occurence of brittle fracture in many 

materials among which are glass, cast iron, rocks, asphalts 

and polymers. This theory applies best for a purely brittle 

material. 

Another related approach is Irwin's theory (42) 

which define a stress intensity factor K related to the 

crack size, the geometry of the structure and the loading 

condition. This factor is limited for design purposes by 

the critical stress intensity factor for which a crack 

starts to propagate. This K factor is defined for three 

different modes of crack propagation called: KI for the 

opening mode, KII for the edge sliding mode and KIII for 

the tearing mode. Irwin's theory is closely related to 

Griffith's theory and is successfully applied to the design 

of brittle materials. This approach was used in the 

design of flexible pavements (43). A generalization of 

this concept to time dependent materials (93) is the most 

promising method of analysis of crack propagat_ion in time 

dependent materials. This method of analysis is still 

limited by the difficulty of determination of the stress 

intensity factors in three dimensional problems. More

over the method of ~nalysis is s~ill limited to the case 

of a constant Poisson's ratio, and the computations are 

still too lengthy to be practical. The method of analysis 
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does not account for cr.ack 11.ealings.. For time-dependent. 

materials a further CCJ{UPl:-~x~i;.y in the usual methods of 

analysis is brought about by; ,the. time vartable. The above 

mentioned envel,.oped besome .dependent. on the time parameter. 

Most of the failure .enveloI?es 9et~rmined for time dependent 

materials correspond to lf.J:Jaxial loadings. These envelopes 

are characterized by an idetermination in their values, 

i.e., s ta tis tical variations .. a.;re the, rule .rather than the 

exception. Also fa~l~re ,envelopes corresponding to long 

periods of loa9-ing. (c.:i::-eep. t:y~e) generally show more vari

ations than failure. epvelopes , corres:i;:>onding to short times 

of loading. 

Examples of _such .enve_lopes are a log stress at 

failure vs. log strain ':!,t failure envelope suggested by 

T. Smith (44) for constant rate, of loading histories, and 

stress-time envelopes described in Bart:enev and Zuyev (45) 

obtained from cre~p tests. 

Thus in the most gene.ral case a fai.lure envelope 

is a limit involving cornbin,at~ons of the strain or stress 

tensor invaria~ts -~ and po~siJ;>.lY the time: 

. T=t 
F[I

1
(T),I~(T) ,I

3
(T),t,ternperafure, etc~ •• ]< K 

T=-oo 

Many simplifications are. neGessary_in order to give 

this relation,ship a tractable f~rrn. In partt.cular the 

important simplificati·on of neglectin_g the influence of 

the past histories o,f , r1 , ::i:2 , I 
3 

_may b~ achieved as will 

be seen later. 
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II. 3. 3 Parameters of Damage in the Repeated Loading Mode 

In many materials, the initiation, progression and 

ultimate manifestation of distress in the form of fractu

ring under a repeated load occurs under the action of two 

separate processes: crack initiation and crack growth which 

are governed by different criteria. In metals, this be

havior has been attributed to localized slip and plastic 

deformation (46), and to the cyclic motion of dislocations. 

In polymers and asphaltic mixtures, the cracks initiate 

from air holes, inhomogeneities and probably molecular 

chain orientations and molecular density distributions (47). 

The mechanism of ·crack propagation has been explained 

by many researchers from a consideration of the energy 

balance at the. crack tip which deforms as cycling progresses. 

The propagation is slow when a considerable amount of 

plastic 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 surfaces. 

Erikson and Work (48) discovered that the history 

of load application had a si,gnificant 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 than 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 
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stress level,. and the applica_i::ion of .subsequent loads 

merely causes propagation fro.m these sites. 

In order to handle. the· problem of life prediction 

for any material in a ·given repe~ted lo.ad environment, 

several molecular and phenQmenological theories .have 

appeared in the literature. · 

a. Molecular Theories: In some of_the molecular 

theories.developed the statistical mechanics principles 

and kinetic reaction rates concept,hq.ve been utilized. 

Coleman (49) and MachJ,.in (50) employed the-Eyring rate 

process theory to study ·respectively the fatigue clJ,aracter

istics of nylon fibers and metals. 

Coleman's theory implies that for every material a 

constant strain level exists at which fracture will occur, 

but a variety of experimental results shows that this is 

not the case. , Moreover, it does not account for progressive 

internal damage as only failure conditions are re~resented. 

Mott (51) arid Orowan (26) have presented· fatigue theories 

for metals which take into account 0 the fact that plastic 

deformation and strain-hardening-occurs during_fatigue. 

Mott's theory attributes. ti}e formation. of micro cracks to 

the occurrence of dislocation within the material. Orowan 's 

assumes the presence ;of a plastic zone within which a crack 

forms and propagates. Both these theories have given good_ 

agreement with experimental, resul t_s at times. The discre.

pancy observed is mainly. due to_ the fact that damage is a 

stochastic phenomenon while the theories are deterministic 
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in nature. To increase their accuracy a statistical approach 

is needed. 

b. Phenomenological Theories: Despite the fact 

that several molecular mechanisms have been shown to be 

operative during fatigue growth in a material, one suspects 

that the process itself may not be that fundamental in 

nature. Therefore, instead of searching for molecular 

theories, a possible coherent picture can be found from the 

continuum mechanics approach (with certain reservations). 

This has been the motivation behind several phenom-

enological theories of cumulative damage - the Miner theory 

(52), Corten and Dolan's (53), and Valluri's (54) to name 

a few. The underlying concept in these theories can be 

illustrated by the work of Newmark (55). 

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 F. is at any time co~mensurate 
J.. 

with the appropriate number of load repetitions - N .. 
l 

(i.e., 

for 0.:::_Fi <l, 0.:::_Ni.:::_Nf) With this assumption, a damage curve 

exists for every constant stress or strain repeated mode 

of loading. Since damage in effect implies that a loss in 

original capacity can result from either the creation and 

growth of plastic zones 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 be 

used as damage determinants. 
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The above reasoning is currently utilized in constant 

amplitude stress or strain fatigue tests. 

Generally speaking, the combined effects of damage 

and recovery processes resulting from microstructural 

changes imply that the damage curve should have different 

forms for different stress levels and loading histories. 

Some damage theories, such as those of Miner and Williams, 

assume a unique degree of damage caused by a stress cycle

ratio (i) applied at any time. Williams' theory (56) 

makes a similar assumption but with respect to time-ratios 

t (T), where t = elapsed time from start of experiment, and 
f 

Tf is time to failure. In both theories a linear summa-

tion of the ratios results, at failure, with the following 

expressions: 

with; 

n. 
1 

N. 
1 

t. 
1 

n n. 
i.e. I {~) = 1 

i=l 
N, 

1 
n t. 
I 1 1 {-)= 
~l Tfi 

= number of cycles 

= number of cycles 

(Miner) and 

(Williams) 

applied at stress level-Si 

to failure at stress level-S. 
1 

= elapsed time of application of strain rate 
level-R. 

1 

T = f. 
1 

elapsed time to failure at strain .rate 
level-R. 

1 

Both theories have a major shortcoming in that prior history 

and sequence of events cannot be accounted for. Despite 

this shortcoming, Miner's theory has been successful when 
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applied to rate-insensitive materials. Williams' theory 

had similar success when used for rate-sensitive materials. 

In Corten and Dolan's theory (53) the damaging effect under 

a stress cycle is considered dependent on the state of 

damage at any instant, and the expression for damage is 

where; 

F. = mrNa 
l. 

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 with number of cycles 

m = number of damage nuclei 

( 9) 

The Corton and Dolan 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 

'r' and 'm' may take on many different 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 

usefulness over a wide class of materials and circumstance, 

the Miner theory is preferable. 

Several researchers (57,58,59) have related the 

rate of crack growth to the localized energy and elastic 
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stress conditions existing at the crack tip. The expres

sion obtained when this fracture mechanics approach is 

used can be given in general form, as 

where; 

A,k,i are constants and 

c = crack length, 

a= stress at tip of crack, 

N = number of load cycles. 

(10) 

The constants k,i, are dependent on the properties 

of the material tested, and on the boundary conditions of 

the problem in question (57,58,59). Liu (60) noted that 

when i=2.0 and k=l.0, the plastic zone-size ahead of the 

crack tip is small in comparison with the crack length 

and specimen thickness. Paris and Erdogan (58) found that 

the use of values 2.0 and 4.0 fork and i respectively 

yielded good agreement with experimental results. Paris 

(61) by considering the energy dissipated per cycle of 

load application as being proportional to the plastic 

zone-size ahead of the crack tip found 

where 

de~ dW 
dN dN 

W = energy dissipated 

A1 = constant 
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c = crack length 

a= stress at crack tip 

K = stress intensity factor = ;-:;--:II 
(J C 

It is evident that these 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. This concept was used to study 

the crack propagation in asphaltic beams (43). However, 

in the presence of tearing action, the properties of time 

dependent material change with time and thereby the coef

ficients of the above formulas are no more constant. In

deed in refer·ence 43 they are shown to be very sensitive 

to temperature changes. Since temperature changes are 

qualitatively equivalent to time variations, one can 

deduce that they are also dependent on the rate (or fre

quency) of application of the loads. 

A limitation of this approach is that similarly to 

Miner's law it implies the concept of "cycles". Therefore 

it cannot account for cracks due to static fatigue. It 

cannot also account for the effects of mean loads, nor 

does it account for the possibility of crack healing. 

Despite these shortcomings, analyses of this type are 

attractive in the sense that the fatigue process has been 

linked to microphenomena on a phenomenological basis. 

This approach works also reasonably well if the considered 

loading histories are restricted to specific classes of 

histories. 
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In order to take rate effects, order effects and 

prior history effects into account Dong (62) postulated 

a cumulative damage theory to predict the life of a material 

under any arbitrary loading history. His assumptions were: 

1. The material is undergoing an arbitrary 

loading history, 

2. life has full value at zero history and 

zero value at failure, 

3. temperature conditions are isothermal, 

and 

4. damage and recovery processes can be 

accounted for. 

The mathematical expression obtained is 

where; 

T=t 
_Q, ( t) =f[y,.(T)] 

l.J T=-co 

.t(t) = life remaining in the material at time t 
after damage has accumulated during 
-co.::_ T.::_t, 

T = generic time, 

t = present time, 

y .. 
l. J 

f [ ] 

= any set of variables that can be used 
to describe loading history, 

= damage functibnal. 

This theory can account for the effect of prior 

history and sequence of events in damage behavior because 

the damage functional represents an infinite series expansion 

of hereditary integrals of the linear and non-linear type. 
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i(t) = L + ft i3 .. (t,T)y .. (T)dT 
-oo l.J l.J 

13. 'kl(t,T ,T )y .. (T )ykl(T )dT dT l.J . 1 2 l.J l 2 1 2 

+ - - - + - - -

where; 

L = life at zero history, 

t 

i3 . . 
l. J 

= present time, 

= linear damage kernels, 

i3ijkl = nonlinear damage kernels, and 

(12) 

the integral expression represents cumulative damage which 

is zero fort= 0 and equal to-Lat 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 loading 

mode however, it can be shown that when a special form 

ts chosen for a linear kernel i3 , the Miner and Williams 
l 

theories are recoverable (69). This shows that the inabil-

ity of Miner and Williams' theories to demonstrate the 

inf 1 uence of prior history and sequence of even ts on fail

ure is due to the restrictive form of their damage kernels. 

The ab.'Jve discussion on the damage created within 

a material in the repeated loading 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 
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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 

it is quite possible that a crack may initiate and cause a 

redistribution of stresses with attendant crack formation 

in other regions. As the load is repeatedly applied they 

propagate and grow to a size which eventually renders the 

material or structure unserviceable. When this event 

occurs, fatigue damage is completed. 

II.3.4 Summary 

In light of the several important observations that 

have been made in regard to cumulative damage in the re

peated loading mode, there are a few substantial points to 

remember in the course of developing a cumulative damage 

theory for any material or structure: 

a. Damage is a function of the inherent inhomo

geneity of materials and structures; its 

initiation, progression, and attainment of 

a critical magnitude are therefore stochastic 

processes. 

b. For a given temperature, damage sites are 

nucleated under unique stress or strain 

conditions within the material. They 

propagate under stress or strain states 

different from initial conditions until 

a critical state is reached. 
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c. The state of damage at any time is a 

function of the material property and 

load history. i.e., damage is not unique, 

it is a function of stress level ahd micro

structural changes within the material. 

d. Assumptions have to be made regarding the 

manner in which damage propagates, and 

regarding the parameters utilized to 

delineate its progression. The damage 

surface is essentially exponential in most 

materials, but the characteristics of the 

surface have to be determined from the 

stress and microstructural conditions 

existing in the material under load. For 

instance, if stress, strain, time and 

temperature 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 fracture is warranted, gradual 

accumulation of damage is experienced. 

The next question that arises in view of the basic 

premise of this investigation is the possibility· of develop

ing a cumulative theory of damage for pavement structures 

composed of different engineering materials, utilizing 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 symbolic terms, with some degree of reli-
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ability, the relationships between the external loadings 

and the physical constants which measure the competence 

of the system. To do this, it will be necessary to know 

how a pavement fails in practice. The information thus 

collected must be interpreted in the light of the failure 

mechanisms governing the performance 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 section within the 

context of internal damage development. 

38 



fj 

III .. DAMAGE AND DISTRESS IN HIGHWAY PAVEMENTS 

III.l INTRODUCTION 

An engineering system in which damage or the failure 

of a component results in a decrease in the level of per

formance rather than the abrupt incidence of total failure 

may be called a "Structure-Sensitive Sys tern". For these 

systems, internal damage develops within an operational 

environment, over a given time period, and the failure is 

the ultimate condition which results from a loss in per

formance. Failure is, thus, the extent of the damage which 

has been accumulated as a consequence of structural 

deterioration over a range of stress, strain, time and 

temperature conditions in an operational environment. 

The performance level of a structure-sensitive engin

eering system in an operational environment may be defined 

as the degree to which the stated functions of the system 

are executed within the environment. This level a_t any point 

in time is dependent on the history of the magnitude and the 

distribution of the applied load, the quality of the con

struction and the materials used, their spatial distribution, 

and the extent to which proper maintenance practices are 

executed over the entire life of the facility. The re

liability of the system consequently depends upon the above 

parameters which are in turn dependent on the variabili tie!;l 

of nature. In other words, the performance level of the 

system at any instant has a probability of occurrence and 
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a frequency distribution of values associated with it. 

Figure 3 illustrates that the performance of the 

system diminishes in some way until an unacceptable level is 

attained. This behavior occurs as a result of the combined 

action of the load and the weather in a given environment. 

In this environment, pockets of local distress develop within 

the system (e.g., stress induced inhomogeneity, corrosion), 

propagate in a manner which depends upon the composition and 

spatial distribution of the structural materials and bring 

about a loss in structural integrity with time. 

The base level VP in Figure 3 represents an unacceptable 

level of performance, as determined by the us~rs and engineers 

of the facility. The time within which the performance 

drops to this level characterizes the time at which the 

extent of damage in the structure becomes intolerable. At 

any instant of time t., P. represents a level of performance, 
J. J. 

and associated with it is the degree of damage D. developed 
J. 

within the period t = o tot= t .. At time zero, the 
J. 

performance of-the system is presumably a hundred percent of 

its initial value since it has not yet been put into use. 

At the time when the internal damage becomes intolerable 

the performance of the structure is zero percent, of its 

initial value. The integrity level of the system at any 

time is, therefore, one minus the amount of damage accumu

lated within that time 

P. (t.) = l - D(t.) 
J. J. J. 

(1) 
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FIGURE 3: TWO DIMENSIONAL SIMULATION OF THE 
PERFORMANCE OF A PAVEMENT STRUCTURE 
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In view of the previous discussion on damage it is 

obvious that the quantities P. and D. are probabilistic in 
J. J. 

nature. Thus, depending on the temporal and spatial dis-

tributions of damage within the structure the real instan

taneous performance level will be on, below, or above the 

drawn curve. This means that each point on the curve has a 

probability of occurrence and a frequency distribution 

of values associated with it and this fact must always 

be acknowledged. 

The preceding discussion was conducted in the two

dimensional domain, the real picture is, however, more 

complex. The observed response of the structure depends 

on rate effects (19) (63), the position and magnitude of 

the applied load (20) , climate (71 ) , materials type, pre

vious traffic history, temperature (20), and constructional 

variables (65) . It can therefore be linear or non-linear 

depending upon the manner in which these variables combine . 
. 

•If the system behavior can be characterized as linearly or 

non-linearly elastic, plastic or viscoelastic, the response 

will have similar characteristics. Then at any point t. . l 

in time a 'performance surface' which is a function of 

these variables exists such that its inverse is a 'damage 

surface'. 

Within this context, at any instant, and at so~e point 

on the surface, a prediction of the perc~ntage of total 

life already used and that remaining within the structure 

can be made. Therefore, the damage surface as well as the 
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performance surface is n-dimensional with construction, 

maintenance, load and environmental parameters playing a 

significant role in its determination. The development of 

such a surface is not immediately possible. This, however, 

does not mean that the problem is intractable, because the 

possibility of reducing 'n' may exist. In fact such a 

technique is used in the development of yield surfaces for 

metals (66) . 

All the significant factors that have a role to play 

in internal damage progression can be generally accounted for, 

providing that they are translated, 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 other words, the magnitude and type of the stress and 

strain concentration (tensile or shear) within the pavement 

structure is a function of not only the characteristics of 

the applied load but also of the spatial distribution of 

layer material. properties and local defects. A knowledge 

of the material properties yields information on the kind 

of structural response to expect. From such information 

postulations can be made about the manner of internal damage 

progression. This technique takes into cons•ideration the 

two most significant structural properties - materi~l 

properties and response behavior - which, reflect the influ

ence of all the others. It can therefore be used to classify 

pavements into three broad groups - the frictional group, 
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the flexural group and the frictional-flexural group - so 

that the stress-strain parameters of damage progression 

in each group can be identified. 

The frictional type pavement is composed of granular 

materials in which load transfer occurs at interparticle 

contact points by purely frictional action. The deformation 

that takes place under load is purely of the shear or flow 

type, and for each application of the load a permanent 

deformation results. Such pavement structures, generally 

require a thin type of wearing course which can deflect 

conveniently with the rest of the structure under repeated 

loading. In order to protect the underlying materials, 

the wearing course should possess good ductile properties 

as opposed to brittle properties since toughness in this 

case is more important than tensile strength. However, 

when the deformation becomes excessive, cracks may appear 

in the surface due to the randomly distributed cumulative 

shear action in the subgrade. Therefore, in a frictional

type pavement, damage can be considered to develop as a 

result of shear action. Consequently the damage parameter 

must somehow be associated with shear stresses and shear 

strains. 

In a flexural type pavement, the materials in the 

layers are capable of resisting the applied load through 

the action of tensile stresses which develop as a result 

of the flexing action. This implies that bending is the 
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only mode of deformation and upon the repeated application 

of load, repeated flexing results. In such a pavement, 

fatigue action is important, and though the overall shear 

support of the components is adequate, cracks develop very 

early due to the accumulation of tensile strains. These 

propagate slowly or rapidly in a random manner depending 

on the properties of the layer materials 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 

pavements is propagated in the fatigue loading mode under 

the action of tensile stresses and tensile strains. 

The third type of pavement possesses.both frictional 

and flexural materials. Its structural integ~ity under 

repeated load is impaired by the destructive tensile and 

shear action that is manifested within the layer components. 

It is conceivable that if one action tensile or shear should 

.dominate in creating damage within the structure, ·the 

failure 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 conditions. 'The damage parameter is, there

fore, associated with both tensile and shear stresses and 

strains. 

The above classification of pavements accounts for 

almost all types of pavements currently in existence (67). 

It also makes possible the tractability of the damage pro-
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gression within such structures. One can generally say 

that the damage 'build up' occurs in three different modes. 

When the behavior of the pavement structure is completely 

frictional, damage initiates and progresses by plastic or 

shear flow until the appearance of surface cracks termi

nates or aggravates the situation. When flexural behavior 

is pertinent the damage, initiation and progression occur 

by the development and growth of internal cracks, under 

the action of tensile stresses and strains. However, in 

the frictional-flexural type of pavement, the damage 

initiates and progresses.by shear flow and/or by crack 

growth. Consequently a pavement structure may show signs 

of distress either ~rom.the independent action of excessive 

deformations,. the isolated action of 'fatigue', or from 

both failure mechanisms working together. This indicates 

that in order to analyze the response behavior of a pave

ment structure and predict the failure behavior, a_ number 

of models which would account for such behavior in a given 

traffic and climatic environment should be developed. 

At the present time, three such models seem to be 

appropriate: 

a) A model is needed for the representation of 

the linear and non-linear behavior of paving 

materials, 

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 
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model within such a framework will aid in 

the prediction of the developed stresses 

and strains in a given environment and, 

c) a model that must be capable of handling 

linear and non-linear damage behavior. 

Finally, in order to achieve realistic predictions, 

it is essential to combine these models in a probabilistic 

manner, since the progression of damage as has been demon

strated is stochastic in nature. 

Since the objectives of this study are to provide a 

better understanding of mechanisms of damage and distress 

in pavement structures, the remainder of the discussion 

is devoted to the item c and the stochastic nature of 

the problem. 

III.2 MODELS FOR PAVEMENT DAMAGE 

The pavements discussed in this section belong to 

the frictional-flexural group and are therefore re_presenta

tive of many current pavement sections. 

In this type of structure 'fatigue' damage may occur 

in the surface layer when it behaves in a flexural manner. 

The occurence of fatigue in pavements has been observed 

or noted for a considerably long period of time. Porter (6 8) 

in 1942 observed that pavements do in fact undergo fatigue. 

In 1953, Nijboer and Van der Poel (69) related fatigue 

cracks to the bending stresses caused by moving wheel 

loads. Hveem (70) also correlated the performance of 
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flexible pavements with deflections under various repeated 

axle loads. The AASHO & WASHO tests (71) confirmed these 

observations by relating the cracking and initial failure 

of pavements to repeated loading of the type discussed by 

Seed et al (72) . 

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 investigate 

the possibility of extrapolating laboratory results to 

existing field conditions. To this end, Hennes & Chen (73) 

conducted tests on asphalt beams resting on steel springs 

and subjected to sinusoidal deformation with a variety of 

constant amplitude magnitudes • They discovered that as 

the frequency of application is increased, the creep

rupture compliance of the material decreases. On the 

conduction of similar tests by Hveen (70), on beams cut 

from actual pavements the same results were obta_ined. 

Monismi th- (7 4 ) in his tests on asphalt beams supported 

on flexible diaphragms mounted on springs under constant 

stress amplitudes discovered that increases in the stiff

ness of the material resulted in corresponding increases 

in fatigue life. Sall and Pell (75) conducted similar 

tests from which the tensile strain to failure (c:T) versus 

the number of cycles to failure, or fatigue 

relation, was found to be Nf = 1.44 x 10-16 
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further found that this expression does not vary with 

temperature, rate of loading and type of asphalt. These 

results are not surprising since one should expect such 

factors to affect the developed stresses and not the 

strains through the stiffness of the material. For the 

mixtures tested, no endurance limit was observed up to 

10 8 application, as is to be expected, 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 life of an asphaltic pavihg material is a 

function of several variables - the tensile strain level 

to which the specimen is subjected, the amount of asphalt, 

the age of the mixture, temperature, the stiffness of the 

mixture, its density and void ratio. 

Another important factor in such tests is the mode of 

loading. In controlled stress tests for example, fatigue 

l·ife increases not only as the stiffness of the sample 

increases, but also as the temperature decreases. However, 

in strain-controlled tests, the fatigue life decreases as 

stiffness increases; for this test, at low temperature 
I 

no change is observed in fatigue life and as temperature 

increases the fatigue life increases as well (76), (77), (79) • 

Controlled stress and strain behavior can be explained 

from a·consideration of eithe~ the time-temperature super-
• • • 4 • 

position principle or the amount of energy stored in ~e 

sample when such tests are performed. In controlled 
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stress tests the minimum energy stored per load repetition 

can be achieved by minimizing defl'ection and causing 

a resultant increase in fatigue life. In controlled strain 

tests the reverse is true. This implies that for a specimen 

of. a given initial stiffne~s and initial strain, failure 

under a controlled str~ss mode of loading.will occur sooner. 

Therefore, when extrapolating laboratory results to field 

conditions such considerations ·have a significant role to 

play. Monismi th (79) through the use of a mode factor 

suggested that for surface layers less than 2" thick, the 

controlled strain mode of loading results, while for those 

layers 6" thick or greater, the controlled stress mode 

of loading is applicable. For thickness between these, an 

intermediate mode of loading is appropriate. 

Tests have also been performed on granular and other 

paving materials so as to determine the si~nificant char

asteristics of their behavior under repeated loading 

(72) (80) • Although the apprpach is empirical it, ·however, 

points up the important fact that the response of granular 

and treated materials in pavement sections depends upon 

the characteristics of the applied loading, the material 

and the existing confining stress. 

In an attempt to apply the experimental results to 

predict the occurrence of damage in a real pavement Deacon 

and Monismith (81), suggested a modification of the Miner's 

theory of linear ·summation of cycle ratios. They point 

out that such an approach has the desirable features of 
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procedural simplicity, and a wide range of applicability 

to different types of compound loading. Their analysis, 

however, is rather difficult to interpret, also, the 

sequence of events and prior history cannot be accounted 

for in such an approach. 

Majidzadeh et al. (82), in their recent work have 

shown that crack initiation and propagation in asphal tic 

mixtures can be predicted using the fracture mechanics 

approach. They have found that the critical stress intensity 

factor which is a function of material's elastic -properties 

and the driving force at the tip of the crack is an 

inherent property of the asphaltic mixtures at low temper

atures. Since the crack geometry affects the value of the 

stress intensity factor, the authors suggest an analytical 

technique for its calculation for some practical cases. 

III.3 STOCHASTIC NATURE OF DAMAGE 

Factors contributing to ·the initiation, propagation 

and accumulation of pavement damage can be ·divided into 

three categories; a) material properties and pavement 

geometry, b) loading variables, and c) climatic conditions. 

A substantial variability is associated with the measure

ment or specification of each of these factors and as a 

result the pavement response is stochastic. To account for 

these variabilities, the damage model sh9uld have the 

capability of yielding statistical estimates of the paye

men t response. In otherwords the model should be able to 
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estimate the probability that damage will occur in a certain 

mode. To achieve this use can be made of simulation 

techniques. The following discussion describes the possi

bility of using one such technique - Monte Carlo Method -

to predict the stochastic behavior of damage accumulation. 

III. 4 MATERIALS AND ENVI~ONMENTAL .. VARIABILITIES 

The behavior of a material in a given environment can 

be represented by a set of responses R. • 
l. 

The material 

itself is defined by a set of relevant properties Yk' and 

the environment could be specified by a set of conditions 

X .• 
J 

In deterministic approach, it is usually assumed that 

there exists a functional relation between each response 

term and the associated material properties and environ

mental condition. Material properties will also vary 

systematically with environment. So; 

( 3) 

However, both material properties and environmental 

conditions are subject to considerable variability in a 

random manner over fairly wide ranges. When environmental 

conditions are correlated, that is, when· there is an inter-· 

action between these parameters, such as the interaction 
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of moisture and temperature and the effect of one on the 

other, their joint frequency distribution f(X1 , x2 , ••• Xn) 

will yield the density function as the necessary data to 

be input for the environmental conditions. If they are not 

correlated, their independent frequency distributions could 

sufficiently define the environment. The vectors x. are 
J 

therefore treated as random variables with probability 

density functions f and associated cumulative distribux. 
J 

tions F 
X, 

J 

Material properties are inheren~ly variable ·and the 

terms Yk are also considered to be random variables with 

density functions f and cumulative distirbutions F 
yk yk 

Since the material properties are dependent on the 

environmental· conditions, statistical correlation is 

implied by equation ( 3) .-0 Complete information of inherently 

correlated material properties can be given by the joint 

~ensity function fY1 , Y2 , ••• ;_YL rather the density'functions 

Variability in material properties and environmental 

conditions implies variability in the material behavior or 

response. Variability in material behavior is :represented 

by a set of density functions fR. or alternatively by the 

cumulative distribution FR .• 
1 

1 

To evaluate fR.' data should 
1 

density .functions fx.' fyk. · Even 
J 

be 

if 

are somehow· evaluated, considerable 

53 

ava:i,lable about the 

these density fu.nc;:tions 

difficulty can arise in 



determining fR, by analytical methods. Such difficulties 
J. 

can be encountered if f , f are not normal and the 
xj yk 

equations giving the functional relations between the three 

basic vectors are not linear. ln these 9ases a numerical 

solution can be obtained by Monte Carlo method. 

III.5 MONTE CARLO SIMULATION 

•The Monte Carlo technique is a simulation method for 

the evaluation of the cumulative· distribution FR. in an 
J. 

algorithmic form suitable for computer programming (83). 

The method is probabilistic in its approach and considers 

a conditional probability distribution of the form. 

where xjt is any set of values of Xj from populations with 

cumulative distributions Fx. Similarly the inherent 
J . ' 

interdependence of material properties can be. taken into 

account in the.same algorithm, i.e., 

FY I . ( Yk I xJ. ) • 
k XJ 

F x. 
J 

(5) 

The algorithm involves an interation process from which 

a number n of. sample is drawn for the values of .R .• 
J. 

From 

the sample of n simulations, histograml!3, means, variances 

and percentage points can be obtained. If the number n of 

the simulation is very large, the histogram cari accurately 
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represent the continuous distribution of the parent popu

lation. 

This simulation method is a simple numerical method 

which gives statistical answers to specific problems which 

are not amenable to analytical procedures due to their in

herent complexity and interacting factors. This method is 

approximate in nature, but quite good accuracy can be 

achieved if the number of simulations is sufficiently large. 

The sufficiency conditions here depend on the statistical 

data available or required. 

In this case the decision as to 'how many samples to 

be drawn out should be preceded by something like sensi

tivity studies. 

Several techniques have been developed based on such 

studies, these are basically variance reducing techniques 

to increase information in the "Interesting Regions" of 

the distribution FR., and hence to decrease the information 
J. 

in the non-interesting regions or ranges. 

The other factors that have an influence on the cumu

lative frequency distribution are the probability density 

function of the parameters involved, i.e., the environmental 

' variables and the material properties, their interactions 

and correlations. In case of in.teracting parameters, a joint 

density function can be used instead of the single.density 

functions. 

The probability density functions of the different 

parameters that are being simulated can generaliy be obtained 
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by some statistical tests. Sampling from the real, statis

tically measured distribution is preferable to obtaining 

samples from assumed distribution, because the more realistic 

these density functions are, the better are the results 

of simulation. However, in the absence of the statistical 

data for density functions of the parameters under consider

ation, special care should be given in assuming such density 

functions. This could be .done by looking into the litera

ture for statistical representation of the same or similar 

parameter. 

III.6 SUMMARY 

The results of the review of literature on pavement 

damage due to the mechanical loading indicate •that; in 

order to develop a general damage function for· pavements, 

the pavement system may be considered as a·black box which 

possesses some unknown properties and is subjected to some 

variable inputs (load and environment) • 

. The properties of the black box are dependent not 

only on the distribution of the. inputs but also on the 

materials and geometrical configuration of the structure. 

The outputs are the responses of interest such as the 

deflection, the extent of cracking, etc .•• 

In such structures, damage accumulates, and e.i ther a 

modified form of Dong's general theory, or a modified form 

of Miner's linear law is needed to account for accumulation 

of damage, Any damage concept developed for highway pave-
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ment should be adaptable to account for the stochastic 

nature of the problem. A direct probabilistic method should 

be used if possible, otherwise a method utilizing simula

tion techniques should be developed. 
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IV. PAVEMENT CUMULATIVE DAMAGE MODEL 

This section presents the framework for a compre

hensive damage model which is being developed at M.I.T. 

The model, although in the developing stage, is capable 

of accounting for the randomness of the material properties 

and environmental factors, as well as accumulation of damage 

in the form of deformation and cracking. First the formu

lation of the problem is presented, and then the input 

requirements are described. Finally the application to 

highway pavements is presented. 

IV.l FORMULATION OF DAMAGE LAW 

To develop a general damage law one must relate the 

input variables (loads, temperature, time, etc .• ) to output 

variables (deflections, cracks, etc.). The sought rel_ation

ships is generally difficult to obtain, and its application 

to each specific case requires a great deal of modifications. 

To simplify the complexity of the required general'relation, 

the damage formalization can be handled in two steps. The 

first step yields the stress an,d strain fields within the 

system. Stress, strains and the displacements are called 

the primary responses and are tben used as inputs to the 

second step in the model which yields damage parameter or 

limiting responses·. This. separation of the damage! formu

lation into two independent parts assumes that .the limiting 

responses are dependent solely on the primary responses, 

a fact that seems to be supported in the li tera:ture. 
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IV.1.1 Primary Response 

The geometrical model that is used in this study is 

a semi-infinite half space consisting of three distinct 

layers. It is assumed that each layer has distinct material 

properties which can be characterized as linear elastic 

or linear viscoelastic. The load is considered to be 

uniform, normal to the surface, and acting over a circular 

area. 

An assumption of incompressibility is made so that 

one constitutive relationship is sufficient to define the 

viscoelastic equation of state for each layer. This 

constitutive equation is assumed in terms of a viscoelastic 

equivalent to the elastic compliance. That is, for the 

. th l 1. ayer: 

It ao. (t--r) 
( equi V. ) = [Di ( 0) ( ) - O ( ) l. d T d T] 

where; 

( ) th 1 . f th · th 1 . Di t = e creep comp 1.ance o e 1. ayer 

In order to obtain the viscoelastic solution for 

the stresses and displacements 'for other loading conditions, 

the correspondence principl~ is utilized. This principle 

states that if the elastic constants in the elastic solu

tions to a given boundary value problem are replaced by 

operator forms of the stress-strain relations, then the 

viscoelastic solution will be obtained. · 

The above principle was used by Ashton and Moaven-
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zadeh (84) 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 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 history conditions. 

This method of analysis has been selected largely 

because the viscoelastic behavior of many paving materials 

can be approximated 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 can be concisely stated as follows: 

1. The elastic solution for the surface deflec

tion of the system due to a stationary 

applied load is first obtained (84). 

2. The. "correspondence principle" is applied 

to the above solution in the form of heredi

ta:r;y integrals for the stress-strain rela-

tions, to obtain ·the viscoelastic solutions (84). 

3. The expressions for 'the surface deflection 

due to other types of loading are then deve

loped through th
1

e use of Duhamel' s super

position integral for linear systems (85). 

Elliott and· Moavenzadeh (24) have analyzed·three 

loading conditions: a stationary load, a. repeated load, 

and the case where the load is moving at a constant yelocity. 

In all these cases the environmental conditions were 
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assumed to remain constant. In this study the results of 

their study are used and extended to account for varying 

environmental conditions. 

IV.1.2 Limiting Response 

The structural damage of a pavement structure is 

divided into two parts, not necessarily independent of 

each other: excessive deformation and cracking. The 

excessive deformation can be directly predicted by any 

primary model of a multilayer system which has accumulative 

capabilities (86), providing it is modified to account 

for the stochastic nature of the environmental factors. 

Cracking is assumed to arise mainly from fatigue behavior 

and its accumulation thus can be measured in different 

manners. For example one can relate the crack nucleation 

and growth to specific combinations of the primary respon

ses such as the stress intensity factor K (43) and then 

evaluate the probabilities of having a given dist~ibution 

of cracks. Another method is to use a more phenomenological 

approach and represent the accumulation of cracking by a 

damage functional F(t) which depends on the past histories 

of the stress and strain t~nsors. With some assumptions 

of continuity this functional can be expanded into a series 

of multiple integrals (62): 

. t . t 

F(t) = Io K1 (t,s)V(s)ds + IIo K2 (t,s1 ,s~)V(s1 )V(s 2 ) 

as 1ds 2 + ••• + I ... It Kn (t,s1 , ••• ,sn)V(s1 ) ••• V(sn)ds1 ... dsn 
0 . . 
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The measure of damage F(t) is not however, uniquely 

defined. The damage may be measured by the density of 

cracking, or by the value of dynamic modulus of the layer 

materials at a given frequency since this modulus decreases 

as the density of cracking increases (e.g. Ref. 87). The 

creep compliance of the material can be used as a measure 

of crack propagation as in Ref. 43 and 94, or the number 

of remaining cycles before complete failure under a given 

mode of loading can be used for this purpose as suggested 

in Ref. 88. Any of these measures can be used, and it is 

convenient to normalize them so that the damage functional 
. 

equals O when the material is in tact and incre.ases to 1 at 

failure. In the above equation V(s) is a function invol

ving stress and/or strain invariants, s is an arbitrary 

parameter which may have a meaning of time or cycles, etc. 

This representation of the damage functional is general and 

accounts for ac9umulation of damage as well as recovery 

processes such as healing, and of aging effects .. 

The review of literature showed that for various 

asphaltic and bituminous mixtures failure envelopes were 

related to a strain measure. In the general case of tri

axial loading conditions the strain measure should be 

expressed as a combination of invariants. In the absence 

of results of triaxial tests, we will use the derivative 

of the major principal strain as a strain,measure in the 

damage functional. Thus: 
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Where ( ) represents a differentiation with respect to the 

argument. Whens has a meaning of a time, this·expansion 

is similar to the representation of the time response of 

a nonlinear viscoelastic material, while whens has a 

meaning of a cycle it may be related to the dynamic repre

sentation of a nonlinear viscoelastic material and may be 

determined as a transfer function of a system subjected to 

a cyclic loading. Dong (62) has showed that in the latter 

case, a discretization of these integrals results in 

Miner's law (52). 

In order to simplify this expanslon an assumption 

is made that three different damage processes may be recog

nized: a damage process depending on the number and 

amplitude of cycles, a healing process (or a recovery 

process) depending on the elapsed time since the damage was 

created, and an -aging process wh'ereas the materials proper

tie's are changing with time. The damage functional may 

now be written as: 

F(t) = 1: K1 (s,t-s)e(s)ds + 

JJ: K2 (s1 ,t-s1 ,s2 ,t-s2 )E(s1 )e{s2 )ds1ds 2 + ... 

This equation implies that the kernels are functions of the 

running times (cumulative and aging processes) and of the 

lapse of time t-s (recovery process). 

In a first approach to the problem the second and 
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higher order kernels will be neglected in the damage expres

sion. We will further assume that the sought first order 

kernel may be factorized: 

i.e., the cumulative and recovery process are independent. 

The aging process is included in both KCUM and KREC through 

the dependency on the times. 

In order to determine these kernels it is necessary 

to choose a measure for the damage and,normalize it as 

mentioned above. Let N be the number of cycles to failure 

(i.e. inadmissible density of cracking) under a given type 

of random load during relat~vely short time (no aging or 

recovery takes place). A damaged material will undergo 

only N' cycles under the same conditions before failing. 

N-N' The amount of damage is represented by ~ • N and N' can 

be.measured on control specime~s. Note that in this·case 

F(t) is not a measure of the amount of cracking but is a 

function of it. 

a. Cumulative Kernel 

For a small period of time over which there is 

neither aging nor damage recovery we have for the incre

ment of damage 6F(T): 

Dong (35) proved that if s = number of cycles of a 
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given strain amplitude, 'the above integral is identical to 

Miner's representation, i.e. 

where dni(T) is the number of cycles of amplitude 6£. which 
l 

are applied at time -r, and Ni(T) is the number of cycles 

6£. which would cause failure. Hence the general expression 
l 

for the damage becomes: 

F (t) = It 6F (T) 
0 

KREC (t--r, T) dT 

ft m 
F (t) = KREC (t-T, T) (. ~ 

0 1=1 

dn. (T) 
l ' 

N. ( T) )d T 
l 

The aging process is accounted for in the dependency 

of KREC and N on the time T • 

For a uniaxial case we will consider a random stress 

history to be composed of a mean value and a cyclic compo

nent. In the triaxial case these may be replaced by a mean 

val~e of the hydrostatic stress and a cyclic component of 

the octahedral stress. If sinusoidal stresses with constant 

amplitude are applied to various specimens of a material, 

a fatigue envelope (S-N curve) is usually obtained in the 

form of a stress or strain amplitude vs. number of cycles 

to failure. Miner's law may be applied to such diagrams 

to predict the results under varying amplitudes. Since 

this envelope is found to be generally independent of 

temperature and rate of lOading when it is given in the 
,, 

form of strain amplitude vs. number of cycles to failure 
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we will concentrate on the use of such diagrams. These 

diagrams and Miner's law, however do not account readily 

for the order in which successive loads are applied and 

the effects of varying amplitudes. The order in which 

the loads are applied will be accounted for implicitly 

since strain amplitudes are obtained as the primary respon

ses of the three layer viscoelastic model, and thus they 

are functions of the sequence of loading. To take into 

consideration the effects due to varying amplitudes and 

non-zero mean, an approach - suggested by Freudenthal and 

Heller (89), and based on the statistical character of 

fatigue, can be used. The basis of this statistical evalu

ation of the results is the three-parameter distribution 

function of the smallest values (89). This function 

derives from the assumption of a distribution function of 

the strength (or strain at failure) of cohesive bonds in 

the material and a distribution function of the induced 

str~sses (or strains) when a mac~oscopic stress (or strain) 

Sis applied to the structure. The probability function 

P(S) of the strength (or strain at failure) of the material 

is obtained as a convolution of the two previous distribu

tion functions. The relation between the mode of loading 

P(S) and N determines the trend of a theoretical S-N diagram. 

Based on the determination of a single S-N diagram obtained 

for a given mode of loading (e.g., sinusoidal with con

stant amplitudes), one can predict the probable S-N diagrams 

for other modes of loadings. Freudenthal and Heller (89) 
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related the effect of the change in the load spectrum to the 

changes in the S-N diagram. 

This results in a modification of Miner's law to 

include an interaction factor w. > 1 to account for inter-
1 

action effects of various stress amplitudes. Thus Miner's 

law becomes: 

m 
E 

i=l 
n./w. N. = 1 

l l l 

w. depends on the load spectrum and results in a fictitious 
l 

envelope shown in Figure 4. The cumulative process can 

therefore be given by an expression such as: 

dn. 
m l 

E wiNi[fi£(T),T] 
i=l 

where T indicates that the number of cycles to failure may 

vary because of aging and that the envelope is to be 

determined for different values of T. The increment of 

damage is also a function of the average strain amplitude 

applied during the increment of. time T. 

The determination of N. (fie:) can also be derived from· 
. l 

the knowledge of the mechanisms of cracking. For example 

it can be determined as in Reference (43) through the use 

of the concept of stress inte~sity factors. 

b. Recovery Kernel 

The recovery kernel KREC(t-T,t) is a function of the 

time (t-T) elapsed since the application of the damage 

increment and of the age of the material. From Reference (88) 
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it is apparent that healing requires the presence of a 

minimum compressive stress. Thus we will assume that the 

argument (t-T) can be replaced by (t*-T) where 

t*= ft H[cr(s) - cr . ]ds 
T min 

H [ ] is the Heaviside step function which is equal to 1 

when its argument is positive and zero elsewhere. a . is min 

the minimum compressive stress which triggers healing. 

Thus (t*-T) is the accumulated time during which a minimum 

compressive stress is present. 

To determine KREC(T) two identical specimens (or 

sets of specimens) should be given the same amount of 

damage F. Fis determined by testing one of the two 

specimens (control specimen)· and measuring the amount of 

damage which should still be applied to fail the specimen. 

The second specimen is left to rest for a time T, and then 

failed to determine the amount of recovery KREC (T). 

c. Aging 

Aging is accounted for, through changes in the 

characteristics of the constitutive equation, - as well as 

in the cumulative and recovery kernels. 

IV.2 INPUT REQUIREMENTS 

IV.2.1 Materials Characterization 

For the determination of the damage function .F it is 

important to determine -the stress q.nd/or strain invariants 
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or as in the simplified formulation above to determine the 

major principal strains. In order to do this, it is 

necessary to determine the properties of the materials 

in the layers. These properties are generally dependent 

upon the manner in which they are prepared and constructed, 

their thickness and confining stress, the rate of loading, 

and the history of the environmental variables. Since all 

of these factors are statistical quantities, one must 

expect the properties to be also statistically distributed 

within the layers. 

The materials properties assumed to be pertinent 

here are the compliances or creep functions, the Poisson's 

ratio and height of the layer-materials. Poisson's ratio 

and the height of each layer.are considered as determinis

tic quantities.. While the height of the layers can change 

with different structural sections, Poisson's ratio is set 

equal to. one half, for all sections. 

The properties of the material for each layer will 

be represented by a creep compliance function for a visco

elastic layer and a creep compliance for an elastic layer. 

For a viscoelastic layer the following representation 

will be assumed: 

n 
D (t) = D + "' GJ.·e-t0i· ' 1 2 3 

J
. E ~ J = ' , 

.j i=l i 

where; 

j = the layer numbers 

D. (t) = the value of creep function at time t 
J 
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DE. = the zero time value of the creep function 
J i.e., n 

G~ E = 0 
i=l 1 

G? 
n 

Gj -to. = the coefficient in Dirichlet series E .e 1 
1 

i=l 1 

o. = the exponent in exponential term 
1 corresponding to coefficient G? 

0 = O, ••• D(oo) DE. + Gj 1 = n n 
J 

To i11clude the statistical characteristics of the 

properties in the analysis, a method similar to that des

cribed in Reference (li) should be used. In this method 

a random loading is used as an input in the tests designed 

to determine the creep compliances. The resulting functions 

are least square approximations of the social properties. 

IV.2.2 History of the Environment 

The main measurable quantities which reflect the 

influence of the environment are temperature and humidity. 

The temperature within the system will be assumed to be 

unitormly distributed. Later stages of the study may in

troduce the spatial distribution of temperature as a 

function of the atmospheric temperatures and wind condition. 

Data are available on such distributions and analytical 

means of computation exist (e.'g., see Reference (90)), but 

the present models for viscoelastic layered systems do not 

have this capability. The same observations as made for 

temperature can be made for the moisture or humidity 

distribution within the system. The history of environment 

Will be .generated in a random manner s.o as to approximate 
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the climate in a given area. 

Many viscoelastic materials were shown to be "thermo

rheologically simple", i.e., to fulfill the time-temperature 

superposition principle. Similar principles of superposition 

were found to be true for other types of environmental 

changes (91). Thus if ¢(t) is the value of the environment 

at time t, and ¢
0 

is the reference value of the environment, 

viscoelastic properties at ¢(t) may be derived from visco

elastic properties at '¢
0 

through different operations of 

scaling. A general expression is: 

D [ t , ¢ ( t ) ] = a [ ¢ ( t ) ] + S [ ¢ ( t) ] D [ y [ ¢ ( t ) ] t , ¢ 
0 

] 

¢(t) is a function of the values of the temperature or 

moisture content etc .• ~, a is a vertical shifting of the 

creep compliance, Sis a vertical scaling of the transient 

response, and y corresponds to a horizontal shifting for 

a semi-log plot (change in time scale). These techn1ques 

of scaling apply well to a wide variety of viscoelastic 

materials, and they allow for an easy introduction of the 

environment effects in viscoelastic analyses. 

This representation is used to describe the effect 

of changes of properties with temperature and moisture. 

Moreover, since the repeated load program can be directly 

related to the results of the stationary load program, 

these scaling techniques will be used to represent the 

response of the stationary load program for different · 

values of the environment variables. 
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IV.2.3 History of Load Applications 

The traffic load intensity on a pavement system is 

statistically distributed in time, space and magnitude. 

In this investigation a single wheel load applied over a 

circular area is considered to be appropriate on the 

assumption that the equivalent single wheel load concept 

is valid. The rate of load application and the magnitude' 

of the load can be varied. The loading function is 

assumed to be a Heaviside characterized by a load duration 

and a period which is the time between two consecutive load 

applications. At this stage of the study the load magnitude 

as well as its' duration are assumed constant. The period 

of the load is constant during a time period (day, week, 

month etc ••• ) and is a function of the number of load 

applications during that period. 

IV.3 APPLICATION TO HIGHWAY PAVEMENTS 

IV.3.1 Primary Response 

Since a major part of the problem of determining the 

damage functionals is to predict stresses, strains and 

deflections under a random load and environment histories, 

it was necessary to modify the repeated load program (86) 

to give it this capability. The response Ps(t) of a linear 

viscoelastic system to any varying load P(t) may be 

written as: 
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where SR(t) is the response to a step load (stationary load 

program). If we want to introduce the effect of the 

history of the environment ¢ (t) where,¢ (t) may be the 

history of temperature, moisture and other environmental 

variables, the response is given by (91): 

and 

t 
SR[t-T, ¢ (s)] = a[¢(t)] + i3[¢(t)] X 

s=T 

where a, i3 and y are scaling factors which were described 

above and which are function·s of the environment ¢ (t). 

¢ is the reference value for the environment. The detero 

mination of a, i3 and y is made by curve-fitting techniques (11). 

When SR(t) is given in the form of a series of,expo

nentials: 

SR (t) 
N 

= E 
i=l 

G 
-to. . e i 

J. 

for a step load under a constant value ¢(t), the response 

becomes: 

N 
SR [ t, ¢] = a [ ¢] + i3 [ ¢] { E 

i=l 

while in the more general case of a variable environment 

history: 
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t 
SR[t-T, ¢ (s)] = a[¢(t)] + S[¢(t)] x 

N 
{ E 
i=l 

G -cS . t*} .e 1 
1 

The notation x* is defined by: 

At the present time only the temperature is considered 

in the variable ¢(t) and it is assumed that the temperature 

remains constant for a time period and changes as a step 

function at the end of every time period. Thus: 

t N 
SR[t-T, ¢ ( s) ] = a[¢(t)] + S[¢(t)l E G.e-cSit*} 

s=T i=l 1 

j N T(t) - T(tm-1) -cS s * [ m E E [G.e i m] X T ] 
m=!l ; 1 1 1= 0 

This formulation can be used to compute the primary 

responses due to arbitrary histories of loads and environ

ment variables. In the present work we have adopted the 

concept of equivalent single wheel loads where the magni

tude of the applied load is maintained constant. In the 

more general case the magnitude of the applied load will 
I 

also present a statistical distribution.. In the present 

analysis, however the magnitude of the load, as well as 

the duration of its· application are considered to be con

stant. The load is described by: 

P(T) = sin2wT[H(O) - H(duration) + H(l x period) 

-H(l x period+ duration) + H(2 x period) 
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-H{2 x period+ dur~tion) + ••• ] 

where H is the Heaviside step function. Hence: 

dP ( T) w sin WT while a load is applied 
= { 

dT 0 otherwise 

The unit step response is described by: 

t 
SR[t-T, cf> (s)] = 

s=T 

j N -o s* 
L L [G.e i m] X 

n • 1 J. m=x, i= 

T(t) - T(t 1 ) 
[ m m- ] 

T 
0 

Based on results from Reference (92) we will use · 

as typical values in the computer program: 

a [cf> (t) ] = 0 

S[cp(t)] = T(t)/T0 

y[cp(t)] = 1/aT(t) = lO [10,000 (T~t) - ~ ) ] 
0 

where T(t) and T0 are respectively the present temperature 

and the reference temperature, in °K; aT(t) is the p~esent 

value of the shift factor. In this case we can write: 

t 
SR[t-T, cf> (s)] = 

s=T 

j N _ 0 s* , T(t ) T(tm-l) 
- L L [ G. e i m] x [-· _m ______ ] 

o • l J. T m=x, i= o 

where t.* ands* reduces to 
J m 

and 
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Finally the formulation of the response under a re

peated load and a varying temperature is given in Appendix 

I. 

IV.3.2 Limiting Responses 

The limiting responses which will be considered for 

a pavement are: rutting, slope variance, and cracking. 

The first two are directly predictable from the primary 

response while the latter requires the development of a 

damage model. Although cracking may result from a single 

load application, it is more often created by repeated 

loading, i.e., by fatigue. The amount of damage created 

by fatigue is represented by the function F(t) defined 

previously. 

The evaluation of F(t) requires the knowledge of 

the kernels involved. The form of these kernels was 

suggested in the review of the literature. 

The cumulative kernel is given by the fatigue. 

envelope relating strain amplitudes and number of cycles 

to failure. This fatigue envelope is defined by a relation-

1 n · 
ship of the form N = K(t.s) (Reference 90), where N = cycles 

to failure at a particular st~ain l~vel, K is of the order 

of 10-6 to 10-lO for various asphalt concrete mixtures 

and n varies between 2.8 ands. tis will be defined as the 

average difference between two consecutive peaks and 

valleys in the strain function. The strain level is the 

average strain level for the who.le. period K and n can be 
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given in terms of mean strain level (as is done commonly for 

metals) • The recovery kernel is more •difficult to obtain 

because of the scarcity of data. It is possible to use 

some experimental results such as in Reference (88) which 

reports the rate of healing and recovery of some asphaltic 

mixes. 

Still less data is available for evaluating the 

effects of aging. This process is important to include 

because it accounts for some of the non-load associated 

failures. 

IV.3.3 Systems Simulation 

Flow Chart (1) summarizes the steps involved in 

modeling the pavement system.and simulating load and 

environmental histories. This section will describe the 

different steps involved in the formulation of this model. 

A more detailed description of these steps is presented 

in the next section. 

The first stage in the model consists in dividing 

the time into periods during which the environment variable 

(i.e., temperature) is assumed to be constant. These time 

periods may be days, weeks, mohths etc ••• depending on the 

assumptions made for the analysis. The duration of the 

load and its magnitude are assumed constant. The number 

of load applications for each time period is generated 

randomly so that it has given statistical characteristics, 

e.g., uniform distribution over a given range. Similarly 
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the value of the temperature for each time period is also 

a random variable which has a specific frequency distribu

tion such as a normal distribution over a given range of 

temperatures. 

The characterization of the materials properties yields 

environmental scaling factors a. ,S. ,y. for the i th layer. 
1 1 1 

Then the responses of the three layer viscoelastic model 

to static loads at different values of the temperature T 

are curve-fitted to obtain the unit step response of the 

system at a reference temperature SR(t, T ref.), as well as 

scaling factors a(T), S(T) and y(T) for the overall system. 

In the present analysis since there were no particu

lar assumptions on the values of these coefficients for 

each layer, the values of a(T), S(T) and y(T) were assumed 

to be those found for a particular sand-asphalt mixture (90). 

These values were assumed to be the same for both the 

deflection and strain unit step response of the layered sys

tem. Note that the variability of the materials properties 

is not included, but this can be done by associating fre

quency distributions for each of a,S,y and the coefficients 

describing SR(t, T ref.)• 

The simulation program proceeds then to compute 

the total residual deflection at the end of the j th time 

period as well as the mean circumferential strain and 

average circumferential strain amplitudes during the j th 

time period. The strains are computed at the bottom of. the 

top layer, and the strain amplitudes are computed as half 
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the difference between successive peaks and valleys of the 

resulting strain. 

These results are then readily related to the three 

principal measures of damage: Rutting, Slope Variance and 

Cracking. 

Rutting is measured by the amount of residual deflec

tion. A large number of simulation runs yields a probability 

of occurrence of a maximum deflection before a given number 

of time periods. The variability o·f the materials proper

ties can be easily accounted for in such results, however 

for the present time deterministic values were chosen for 

the materials properties in order to keep at a minimum the 

required number of simulation runs. 

Slope variance is measured by differential deflec

tions. These differential deflections occur mainly because 

of variabilities in the system's properties. Therefore 

it is important to evaluate the correlations between t:he 

properties of the system at two points separated by a dis

tance d (e.g., d = 2 ft.). The knowledge of these corre

lations coefficient allows one to determine the probabili

ties of having a given amount of differential settlement 

before the j th time period. This determination is done 

through a series of simulation runs representing each of 

the two points. Each of the points is assumed to be a 

a three-layered half-space system, i.e., the differential 

settlement is not accounted for, directly in the mathe- · 

matical model. This part of the damage was not evaluated 
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because the computation process appears lengthy and suggests 

to further investigate first the derivation of closed form 

probabilistic solutions. If such solutions can be obtained 

they would complete or re~lace advantageously the simulation 

procedures. At a later stage of this study the effects of 

differential settlement on the loading history can be 

represented by a feedback loop which would multiply the 

loads magnitude.by a dynamic coefficient related to the 

amount of differential settlement. This feedback loop is 

represented by a dashed line in Flow Chart 1. Finally 

Cracking is measured by the function F(t) as essentially 

a fatigue phenomenon. At the end of each time period the 

increment of damage 6F{T) is evaluated using a Miner's 

type of law. The number of cycles applied during that time 

period is known, and N (T) is obtained from the value of 

the average amplitude of the strain 6st and its mean value 

Et. The total value of F{t) is obtained by convolution of 

6F(T) with the recovery kernel KREC(t-T). The effect of 

aging is included by changing at different stages of the 

simulation the functions describing N(T) and KREC(t-T). 

Hence a series of simulation runs yields the probabilities 

of obtaining F = 1 before a given time t .• At a later 
J 

stage of the study a feedback loop from the value of F(t) 

to the history of the environment can be addeq. Such a 

loop would account for facts such as the changes.of moisture 

content of the subgrade due to moisture infiltration 

through newly formed cracks. 
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IV. 4 SUMMARY 

This section presented the framework for a Pavement 

Cumulative Damage Model. This model uses the Primary 

Responses as an intermediary step in the process of compu

ting the limiting responses. The primary responses are 

obtained for linear elastic and viscoelastic layered systems 

under varying loads and environmental conditions. These 

primary responses are used to predict three components 

of the damage: rutting, slope variance and fatigue cracking. 

The damage functional assumes three independent mechanisms: 

a cumulative fatigue process, a healing or recovery process 

and an aging process. The model can include some of the 

nonlinearities of the damage functional in feedback loops 

which account for interactions between the output variables 

(cracks, deflections etc ••• ) and the input variables 

(loads, environmental variables ••• ) • Simulation techniques 

are applied to this model in order to account for the , 

stochasticity of the input variables. 

82 



V. RESULTS AND DISCUSSION 

V. 1 INTRODUCTION 

The development of the framework for the study of 

damage in pavement structures, presented in the preceding 

chapter, was based on three main assumptions: 

a. The theories behind the model should be 

general enough to apply to different types 

of material~ under various conditions. 

For instance Dong's expansion which was 

used allow for such generality. 

b. These general theories should be special

ized into forms easy to manipulate. This 

is necessary so that the model does not 

become workable only on paper. These 

simplified forms (such as Miner's law) 

are then used as first order approximations 

to the more accurate representations. 

c. The model should be modular so that it is 

possible to progressively improve it by 

modifying or changing parts of it. This 

is part of the_reason why ·the model is 

divided into primary and limiting response 

parts which are further subdivided into 

subcomponents as shown in Flow Chart 1. 
' 

Sensitivity analyses determine the parts of 

the model wh;ich can be further simplified 

and the parts which are to be developed or 

more examined. 

The model at the present time uses simulation tech

niques in order to account for the· stochasticity of its 
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input variables. At the present time these techniques 

appear to be the most promising in view of the complexity 

of the system and because of the constraint that the model 

be modular. For specific cases closed form solutions can 

and should be developed because of the savings in computing 

time. 

This chapter will present first a simplified model 

which was used to demonstrate the application of the simu

lation techniques. And then it pre·sents the present model 

and describes its use. Finally a description is given of 

the expected refinements and further developments. 

V.2 THE SIMPLIFIED MODEL 

In this analysis the static load program was used to 

provide the primary response. The environmental conditions 

were introduced as. random variables. However the environ

mental conditions were held constant for a given run. The 

repeated load response can be derived from these results 

but only under constant environmental conditions. In . 

other words this simplified model generates an arbitrary 

set of environmental conditions and keeps them constant 

during the applications of the successive loads. Under 

these conditions one could readily obtain probabilistic 

closed form solutions. This simplified model was used 

however as a step in the development of the more complete 

model. 
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V.2.1 Description of the Model 

The properties of the viscoelastic layers (creep 

compliances) are represented as usual by the Dirichlet 

series 

n j -to. 
E G.e 1 ••• 

. 1 1 1= 

for the three layers j = 1,2,3. These coefficients were 

defined previously in Section III.2.1. The environmental 

variables were assumed to be temperature and moisture. 

These variables were considered to influence the coeffi

cients of the Dirichlet series and not the exponents. This 

is not very realistic for viscoelastic material but was 

done so to keep the model very simple. TWo statistical 

distributions were assumed for the temperatures in this 

analysis: a uniform distribution in the range (T1 , T
2

) 

where T1 and T2 are the end points of an assumed working 

range of temperatures and a normal (Gaussian) distribution 

characterized by its mean and its variance. The creep 

compliance of the material is assumed to vary with temper

ature in the following manner: 

D. (t) = 
J 

a = O 1. 

1,2,3 •.. 

where G⇒ and a⇒ are constants for a given layer. These 
1 1 

constants should be actual fact be random variables of a 
n . 

certain distribution. E G~ represents the value of the 
i=l 1 

· 
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compliance at T = -c or at T = 0 when C = o. At a given 

temperature T in the range (Tl, T2) , the value of the 

compliance D. (t) can vary between D~ (t) and ol! (t) where 
J J J 

the subscirpts of L and U refer to the lower and upper 

bound values of the function under consideration. The 

position of Dj for a given time will depend on the moisture 

content of the layer. Since no direct relationship can be 

developed to determine the coupled effect of temperature 

and moisture as of now, ·further work on this point is 

needed. 

TWo curves are therefore arbitrarily drawn for the· 

representation of the functional relation that has been 

assumed to exist between material property and temperature, 

Figure 5. The lqwer bound curve is for the worst condition 

of moisture and the upper.bound curve is for the best 

condition of moisture. The effect of moisture content is 

therefore implicitly included in the analysis. 

The distributions of material property are also 

are also assumed to be rectangular and normal; 'any other 

type of distributions can easily be handled. The distri

bution of temperatures is of the following form: 

where T1 and T2 are defined as previously and d1 is a random 

number uniformly distributed in the range O < a1 < 1, or a 

number normally distributed over [-00 , + 00]. 
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For the creep compliance, the following equation re

sults for the uniform distribution: 

L U where D., D., D. are defined as previously and, d
2 

is 
J J J 

similar to d1 . Figure 6 shows the variability of the creep 

compliances of the three layers of the system. 

V.2.2 Results 

Since the properties of the structure are random 

variables as described above, the response variables will 

also be stochastic quantities. The model yields the 

frequency distributions of the input variables. Two 

cases were considered; a uniform distribution (rectangular) 

and a normal distribution. In both cases the response 

parameters may be in terms of displacements, stresses and 

strains developed at any point in the structure under 

stationary, repeated or moving load (but constant environ

mental conditions). To demonstrate ~he capability of the 

model we confine our presentation to only the frequency 

distributions of the strains at different instants of 

time. 

Figure 7 shows the simulation of a uniform distribu

tion of temperatures as obtained by a random number genera

tor. 100 samples were used and it is apparent that much 

larger sample sizes may be needed to obtain a better 

representation. Figures 8 and 9 show the distributions 
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of deflections at times 0.0, and 10. respectively. It is 

apparent that these responses also show a tendency towards 

a uniform distribution which shifts to larger values of 

the deflection, as the time of the observation increases. 

Figure 10 shows the simulation of normally distri-

buted temperatures. Here also it is apparent that much 

larger sample sizes are needed in order to obtain more 

accurate representations. Figures 11 and 12 which show 

the distributions of the deflections at times 0 and 10 

suggest that the responses of this model show the same 

statistical characteristics as the inputs that produced 

them. The shape of these distributions was checked by 

the usual "goodness-of-fit" methods such as the x2 test (95). 

This example illustrates how the stochastic nature 

of the input variables, such as the temperature and physical 

properties of the materials, affects the results. The 

responses are represented by frequency distributions ~o 

that the designer can account for the uncertainty associated 

with the occurrence of each possible response. The results 

of Figures 11 and 12 may also be summarized graphically 

such as in Figure 13. This figure shows the statistical 

properties of the resulting responses. 

V.3 REPEATED LOAD MODEL 

The simplified model was used only fo~ demonstration 

purpose of simulation techniques. In order to account for 

the effects of changing environmental conditions it was· 
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necessary to structure the model described in Flow Chart 1. 

The model yields the stresses, strains and displacements 

(primary responses) at the critical points of the pavement. 

These are in turn used to predict three major appearances 

of damage, namely slope variance, rutting and cracking. 

Slope variance and rutting are easily derived from the 

primary responses. Cracking is treated as a fatigue phenom

enon combined with recovery and aging. We will follow Flow 

Chart 1 step by step in order to detail it. 

V.3.1 Basic Assumptions 

a. History of LOad 

The history of loads which will ultimately be con

sidered is a load with variable amplitude (weight of vehicle) 

and a variable duration (velocity of vehicle) being applied 

at variable periods (intervals of time between successive 

load applications). However in the present analysis the 

amplitude is constant (equivalent single wheel; this 

assumption can be checked at later stages of the analysis). 

The duration of the load is constant while the period of 

application is a function of the number.of applied loads 

in the basic unit of time (such as one day, one month or 

one year) . In the example which is treated the basic unit 

of time is a month period. 

The number of applied loads is different for every 

basic unit of time. It is considered to be normally dis

tributed. For the month period the mean of the distribution 
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was 15,000 load applications with a variance of 3,000. 

A single load application is represented by a Haversine 

function. 

b. History of Environment 

The history of environment accounts for the changes 

of temperature and moisture. The environment is designated 

by the variable¢ which is a function of time, temperature 

and moisture. Data on the history of the environment can 

be collected as shown in Reference 90. The changes in the 

environment were limited in the present study to the changes 

of temperature. The temperature was assumed to be normally 

distributed with a mean of 20° C and a variance of 7° C. 

It is maintained constant during the basic unit of time. 

At further stages of this study the mean and variance of 

the temperature would be functions of the seasonal changes. 

The effects of the moisture would also be included by 

giving it in terms of a single variable¢ which combines the 

effects of temperature and moisture. 

c. Materials Properties 

The materials properties are determined using the 

scaling techniques described in Section II.2.2. The re

quired a,S and y coefficients are determined by curve 

fitting methods and least square optimization. In the 

present case we used the data of Reference 92 as repre

sentative values: 
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a[<jl(T)] = 0 

S[<jl(T)] = T(t)/T0 

1 _l_)] 

1 
[10000 (T (t) - T 

y[<jl(T)] = = 10 ref 
aT (t) 

These data were obtained from the characterization 

of a sand-asphalt mixture and are only used for demon

stration purposes. 

Note that in the simplified model described above 

the temperature effects are accounted for by changes 

similar to those produced bys. y-type coefficients were 

not used then because of the complexities they introduced 

in the primary response model. For most viscoelastic 

materials the main effect of environmental changes is a 

time-scale modification in the primary responses, so that 

they-type coefficients are the most important of the 

three. 

V. 3. 2 Three-Layer Linear Viscoelastic Model 

This model was modified to account for the effects 

of the stochasticity of the environment history~· The 

changes were described in Section IV. 3 .1 and further 

details can be found in Appendix I. In its present form 

the repeated load program used the output of the static 

load program. Therefore a main point of simplification 

is stressed here: instead of giving the properties of 

the materials as functions of time and environment, the 
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response function of the static load program denoted 

SR(t) is given as the function of time and environment. 

Therefore the coefficients a, Sandy are used in con

junction with this response SR(t). Note that SR(t) is 

given in the form of Dirichlet series similar to those 

used to represent the creep complicances of the materials. 

Thus at this point we can obtain the deflection 

at the surface as well as stresses and strains at the 

points judged to be critical. The ·model subdivides at 

this point into three parts. These three parts are 

treated as being independent. At later stages of this 

study the interaction of these three parts may be accounted 

for by introducing feedbacks in the model (see, e.g., the 

dotted lines of Flow Chart I). 

V.3.3 Limiting Response 

a. Rutting 

Rutting is assumed to be produced by excessive 

deformation. Therefore the simulatio"n model can directly -

yield the proabilities of having a certain amount of 

rutting at a given time in the history of the structure 

given certain characteristics of the random temperature 

history. This section will be broadened up by including 

in it the characteristics of the spatial distribution of 

properties. In its present form the program will-predict 

the probabilities of deflections at a given point. 
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b. Slope Variance 

This section is not implemented yet and requires 

the determination of the variation in properties between 

two points separated by a distanced. These differences 

in properties follow some random distribution which is to 

be described. The model can be used then to predict the 

probabilities of having some differential settlements. 

c. Cracking 

This particular manifestation of damage is assumed 

to be mainly associated with fatigue. The damage function 

is designated by F(t) and its computation follows the 

method outlined in Section IV.1.2. Note that F(t) is a 

linear function of the number of applied cycles. This 

means that when F(t) = 0.5,half the life of the pavement 

is used up (it may recover some of it). It does not 

mean, however, that the density of cracking is half of 
, 

what it will be at failure. The relationship (nonLi,.near) 

between these two values is still to be determined. 

Typical values for the failure envelope were 

taken from the literature (90). These envelopes· were 

obtained from bending tests 1mder constant stress levels. 

More accurate failure envelopes should be obtained by 

trying to simulate typical histories of the triaxial 

state of stresses which develop at the critical joints in 

the pavements. When the amplitudes of the loads will 

also be considered to be random, the method of Reference 
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89 will be used to relate the failure envelopes to the 

frequency distribution of the amplitudes. 

In the example which was studied, the failure 

envelope was given by 

-14 where k = 5, 10 and n = 4.5. 6E is the strain ampli-

tude and is measured as half the difference between two 

consecutive peaks and valleys in the strain function. 

For temperatures above 22° c, K was increased by a func

tion of temperature to account for the fact that at 

higher temperatures very large strains occur but they do 

not contribute to cracking. 

The recovery kernel is obtained by curve fitting 

with series of exponentials experimental results such as 

Figures 14 and 15 which are taken from Reference 88. 

Th~se figures show that for broken and fatigued bitumin

ous mixes a complete recovery is obtainable after three 

months at 10° c. This recovery function is a function of 

temperature also. In the example which was treated, 

the temperature dependence of'this function was simplified 

to this form 

5 
= 0.2(1 + I 

i=l 
e 

* -a.t 
l. 

* t = total amount of time during which no load is 

applied AND the temperature is above 22° C. 
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a. were chosen so that the recovery is completed in a 
]. 

period of three months. 

Finally aging is accounted for by modifying the 

above failure envelope and recovery kernel as time goes 

on (for instance after every two years). Very little 

data, however, is available.to describe these effects. 

Therefore, these effects are not included at the present 

time. 

V . 3 . 4 Results 

First, a series of 12 different temperatures were 

generated by the random number generator. These tempera

tures were ordered by increasing order (a), then by de

creasing order (b), and finally by a successively in

creasing and decreasing order (c). Figure 16 shows the 

three considered series of temperatures. These series 

were used as inputs to the analysis and the number of 

loads applications was assumed constant and equal to 

15,000 loads. The resulting residual strains are shown 

in Figure 17. These residual strains at the first 

interface were used in lieu of the residual deflections 

at the surface because they present the same type of 

behavior and permit the qualitative study of the trends 

of this behavior. Figure 17 shows that the residual 

strains after a period of twelve months were almost 

equal for the series (b) and (c) because the temperatures 

corresponding to the last five months of these series 
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were identical. The effect of the difference of tempera

ture history in the first months was negligible. The 

residual strains due to the increasing order series (a) 

were a little different. On the whole, for the assumed 

materials properties, the residual strains were not 

very sensitive to changes in the sequence of temperatures. 

Figure 1 7 shows also the strain amplitudes cor

responding to each basic unit of time (month). These 

amplitudes were essentially functions of the present 

temperatures. Hence their variations are directly related 

to the temperature changes. 

The same Figure 17 shows also the damage function, 

F(t), for the three sequences of temperatures (a), (b), 

and (c). The irregularities in the shape of F(t) are 

due to the strong non~inearities arbitrarily introduced 

by the data used in the formulations. It can be seen, 

however, that the model accounts for the differences in, 

sequence of the temperatures, and that these sequences 

are more important for the determination of the damage 

function F(t) than they are for the determination of 

the residual strains. It is not possible to derive more 

conclusions from the computed behavior because the data 

are not real • 

A simulation was then conducted with the same 

model. Temperatures and number of loads (assumed 

constants for a month period) were generated as normal 

variables on the computer. Figure 18 shows the computed 
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damage functions after successively 1, 6, and 12 months 

corresponding to 15 cases. From such figures one can 

guess the trends in the responses, i.e. , the averages, 

variances, extremes, etc. To measure these trends, however, 

it is necessary to determine the distribution functions of 

the residual strains and the damage at different observa

tion times. For a 100 samples the resulting distributions 

of the residual strains are shown in Figures 19 to 21. 

Figure 19 shows the results after a month period, while 

Figures 20 and 21 present the results after 6 and 12 

months. The distributions of the damage after 1, 6, and 

12 months are shown successively in Figures 22, 23, and 24. 

It is noticed that the distributions of the residual strains 

have more tendency towards normal distributions than the 

distributions of damage. The nonlinearities introduced in 

the damage function affect their distribution functions, 

which appear to be skewed. 

Figure 25 is a plot of the three distribution func

tions of the residual strains after 1, ·6, and 12 months 

plotted at the same scale. One can readily observe the 

shift in the distribution functions ·as time increases. 
I 

Figure 26 is a plot of the dis.tribution functions 

of the log of the damage after 1, 6, and 12 months. From 

this plot one can also observe how the. distributions are 

shifted as time increases. This figure also suggests 

that the distributions of the damage functions appear to 

be better represented by a log normal distribution 
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(compared with Figures 22, 23, and 24). 

In Figure 27 the histogram of the generated number 

of load applications was shown to check that the input 

values were effectively normal variates. 

These results show how the simulation techniques 

can be used along with the developed model. This method 

of analysis allows the designer to evaluate the probability 

of occurence of some amount of damage at a given age of a 

structure. The model can easily account for seasonal 

changes, other environmental variables, and aging effects. 

The data used in the different parts of the model came 

from different sources, so it does not necessarily 

represent a coherent set of realistic values. Therefore, 

one can only use the results to evaluate the capabilities 

of the model. It is not possible, however, to draw 

specific conclusions as for the real behavior of a highway 

system. That is the shape of the various distribution 
-. 

that is only characteristic of the particular systems 

which were considered. Hence, there is a need to obtain 

the required experimental data corresponding to a realistic 

system in order to conduct sensitivity analyses on the 

model and determine the parts which need to be modified. 
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VI. SUMMARY 

The objective of this study is to identify the modes 

of damage, their initiation, propagation, and accumulation 

in the flexible pavement structures. The simulated frame

work is limited to only load associated damage and its 

influence on the structural integrity of the pavement. 

The study is performed by first reviewing the concept of 

damage in engineering material, and thus providing the 

necessary background work for the development of a_ damage 

concept in structure sensitive engineering systems. Then, 

the pavement system and its modes of damage are reviewed 

with special emphasis upon the mode of damage associated 

with the repeated loading. 

The results substantiate the following conclusions: 

1. Pavement failure is a many sided problem, and 

it is the result of a series of interacting 

complex processes, none of which is completely 

understood. The question of what constitute the 

failure is highly subjective and it depends 

upon the user's evaluation of the facility. 

2. The damage in pavement structures is accumula

tive, and depends upon the external excitation-

loading and environmental variables--and the 

physical factors which measure the competence 

of the system. 
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3. The input variables and the capabilities of the 

pavement to resist the initiation and growth 

of damage can at best be represented in a 

stochastic manner. 

4. Development of any comprehensive model for 

analysis of damage in pavement structure should 

take into account: a) the subjective nature of 

definition of failure, b) cumulative nature of 

damage, and c) variabilities present in materials 

properties, environmental factors, and load. 

5. Simulations procedures have been used success

fully to predict the behavior, failure and 

variability of solid propellants (96). They 

are powerful tools for the analysis of damage 

in pavement structures and should be used when 

closed form probabilistic solutions are not 

readily obtainable. 

The framework of a comprehensive model for analysis 

of damage in highway pavement is also presented. This 

framework consists of a three-layer viscoelastic model, and 

a cummulative damage concept used in conjunction with a 

simulation technique. Parts of the model, such as the 

determination of differential settlements, are still to be 

implemented. As more experimental data becomes available, 

the model can be completed. For instance it can easily 

account for aging effects if the proper data is available. 

123 



Realistic data values are also necessary in order to test 

the model. Sensitivity analyses will then determine the 

elements of the model to be modified or expanded. 

This model demonstrates how the designer can account 

for the stochasticity of the input parameters. It also 

shows some of the advantages and drawbacks of the simula

tion techniques, for instance the flexibility in the model 

and the length in computing time. The results are presented 

in the form of probability distribution functions, rather 

than in the classical deterministic form. 
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APPENDIX I 

COMPUTER PROGRAM 

1. Formulation of the Primary Response 

The response function Ps(t) of a linear viscoelastic 

system to a repeated load in a variable environment may be 

written as a convolution integral of the following form: 

t 
= f 

-oo 

where SR(t - T, ¢) is the response of the system to a unit 

step load in a constant environment¢. If this step 

response is 

SR(t - T) 
n 

= I 
i=l 

- (t-T) 0, 
G. e J. 

J. 

it was shown in Reference 91 that 

SR(t-T, ¢t('t)) = a[¢(t)J + 
"[=-oo 

* n -to. 
(3[¢(t)J[ I G. e J.] -

i=l J. 

t n -s*o. 

r { I G. e J.} as [ ¢ ( s > J 
J. 

't i=l 

where 

* X 
x = / y [ ¢ ( e) J ae • 

T 
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For the particular values 

a[cjl(t)] = 0' 

S[¢(t)] = T(t)/T, 
0 

[10 ,ooo 1 1 ) ] T (t) - T 
y[¢(t)] 1 

10 0 = --
aT 

where T0 is the reference temperature which has been taken 

to be equal to 298° K, this expression becomes: 

t T(t) n -o.t* 

I l ] SR[t-T,¢ (T)] = G. e 
To l T=-oo i=l 

t n -o.s * 

J I G. l dT(s) e T l 
T i=l 0 

If the load is applied as a haversine function, . 2 sin WT, 

for a duration d and if the time elapsed between two ap

plications of the load is pK, then we have for a basic 

time period: 

t T (t) n 
p (t) r { [ I = s T 

0 0 i=l 

aP(T) dT. 
dT 

* -o.t 
G. l e 

l 

t n 
J 'i. 
T i=l 

G. e 
l 

* -o.s 
l 

Let the temperature change as a step function at the end 

of each basic time period then: 
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dT ( s) } 

To 



tJ n -o.t* 
= f {TJt) [L G. e i ] 

0 o i=l 1 

X oP ( T) 
oT 

where Twas symbolized by the index K while twas replaced 

by tJ or more concisely J. By replacing 

and changing the 

p s (tJ) = 

X 

Ps(tJ) = 

J n 
I I 
K=2 i~l 

{ T (t) 

~ 
oP ( T) 

01" 

J n 
I I 
K=2 i=l 

oP (T) 
01" 

tJ 

J 
0 

order of 

tK 

I 
tK-1 

-o.t * 
G. e 1 

1 

dT 

G. tK 
Tl j 

o tK-1 

* * 

J 
by I 

K=2 

summation, we obtain: 

* J-1 -o.s TM+l-TM 
I G. 1 - e ( T ) } 1 M=K 0 

-o.t* J-1 -cS.s* 
{T(t) 1 -. I 1 

(TM+l -TM)} e e 
M=K 

The variables t ands can be written in a discretized 

form: 
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Therefore further factorization can be obtained: 

where 

J n 
= E I 

K=2 i=l 

T(t) A.= G. e 
1. To 1. 

B. = 
1. 

J-1 
(Ai - l 

M=K 
B.) 

1. 

and the integral is evaluated below in a closed form. Since 

= { 

wsin2w-r 

clP ( T) 
cl-r 

0 

when the load is on 

otherwise 

LL 
E 
L=l 

clP (T) d-r = 
cl-r 

that is, it is the sum of LL terms corresponding to LL 
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applications of the load. Each term is evaluated between 

the beginning of its application (L-l)pK and the end of 

its application (L-l)pK+d, when pK is the period between 

successive loads and dis their duration. This expression 

can be calculated as: 

where 

c. = 
J. 

2[1 + 

for the peak values and 

- l] 

[1-exp (o_iyKd) ~ [l~exp (:_yKpKoi) l 

YK i 2 
2 [1 + (-y-) ] [exp (yKoipK).-11 

for the residual response. The chosen numerical values for 

G i and o i we re : 
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Gl = - 0.0087 01 = 0.05 

G2 = 0.0030 02 = 0.005 

G3 = 0.0032 03 = 0.0005 

G4 = - 0.0034 04 = 0.00005 

GS = 0.0039 05 = 0.000005 

G6 = 0.0010 06 = 0.0000005 

G7 = + 0.0232 0 = o.o 
7 

2. Formulation for Damage F(t) 

For the Kth time period, the increment of damage is: 

nK is the given number of repetitions of the load 

NK is the function of the average amplitude 6€ 

where Kand m can be made functions of the mean strains, 

when data is available to set such relationships. K was 

taken equal to 5.lo-14 and m = 4.5. When the temperature 

Twas above 295° K, K was taken equal to 5.lo-14 

(1 + l00(T - 295)]. The total damage after J time periods 

is: 

* where t JK equals the time interval between tK and tJ 

during which the temperature Tis greater than 295° K. 
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And KREC (t) is given in exponential form: 

N -a. t 
KREC (t) = I R. e J. 

i=l J. 

The assumption was that only 80% of the damage is 

recoverable, and that the recovery takes place in four 

decades of time. Thus the used data were: 

N = 5 

R, = 0.2 i = 1, 2 I . . . 5 
J. 

a· = o.o 1 

a.2 = 0.01 

a.3 = 0.001 

Ci.4 = 0.0001 

as = 0.00001 

3. Input Descri2tion 

The input data to the program are the following: 

DURA ➔ Duration of the load on the system:~ 

Assumed to be constant all over. 

G( ), DELTA()+ Coefficients of the exponential series 

representation of the static response to 

-to· to a unit load= ~.G.e 1 • Those coef-
1 J. 

ficients are obtained by running the 

stationary load program ·and obtaining 

the required response at the point of. 

interest, then curve-fit them using the 

least squares fit.ting method (the curve 
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N ➔ 

fitting program is available}, to a 

series of the form shown above. Then 

the G. 'sand o. 's are obtained at decades 
1. 1. 

apart from each point. 

Number of terms in the exponential 
N -(t-T)o, 

series i.e., E G. e 1 

i=l 1 

TMEAN, TVAR ➔ The mean temperature and the variance of 

a certain statistical distribution of the 

prevailing temperature in the pavement 

system--assumed to be normal. The values 

of the temperature are given in °F. 

NMEAN, NVAR ➔ The mean value and the variance for the 

number of load applications in the 

basic time period. The distribution 

also is assumed to be normal. 

TREF ➔ A reference temperature in °K. Taken 

to be 298° K. 

4. Solution for the Primary Response Model 

The program is based on the following assumption: 

1) The number of load applications is constant for 

a one basic time unit (month). 

2) The temperature over the whole basic time 

unit is assumed to be constant. 
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3) The duration of the load on the system is con

stant for the whole interval, i.e., assuming 

the speed of the vehicles practically constant 

over the system. 

4) The only term in the environment to vary is 

the temperature. 

Thus the program generates a value for the number 

of load applications and a value for temperature randomly 

from the assumed probability density function and computes 

the response for the first month, subject to a repeated 

load of the form: sin2wT. The response to the load is 

evaluated only when the load is applied on the system. 

The response of the first month is stored, and a 

new set of temperatures and number of load cycles is genera

ted. This process is repeated and the value of the response 

is printed whenever required, until the whole desired 

interval is covered. 

5. Output 

The output of the program is a set of values for 

stresses, strains, or deflections at some desired intervals 

of time. These intervals of time may be one day intervals, 

one week intervals, one month intervals, or one year in

tervals, or as desired. 
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FLOW CHART #1 

History of Load 

t 

History of Environment "" 

Determination of Ma
terials Properties 

Three-Layer Linear Viscoelastic 
Model 

V 
stress and Strains at 
Points e.g. av at top 
layer Et at bottom of 

I' 

,. 
Excessive Deformation 

Criteria 

Langi tudinr~~str-i:7 
tion of Properties I 

: I 

,i ! 

Differential Deflections 

l 
..... .. .'If 

Limit Differential 
Deflections, i.e. 
Slope Variance 

------··. - --····"··-· 
Limit Maximum De
flection, i.e. 
Rutting 
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Critical 
of bottom 
top layer 

,. 

I 
I 

If 

Fatigue Criteria 

1' 
1 Divide Time into per

iods ~,,e.g. 12 hours 
dn(,) Load Applications 

i· 
Average ET, and ~ET 
During One Period 
Yields N(,) 

V 
t 

F(t)=J KREC(t-,,t) 
dn(T) o 
N( t) Compute F(t) 

'' by Simulation . . ' 

-.---·-. ·····--· ..... J ... 
F(t) is. a Measure of 

: Damage such as 
Cracking 



,... 

C .. ,,... ... THlS IS A SIMULATION PROGRAM FOR THE PERFORMANCE OF A THREE-LAYER 
C ....... HALF-SPACE VISCOELASTIC PAVEMENT SYSTEM UNDER VARIABLE OPERATIONAL 
C ...... ENVTRONMENT AND REPEATED LOADING ACTION. THE PERIOD OF LOADING 
c ...... aTS ASSUMED TO CHANGE AT CERTAIN TIME INTERVALS. 
C~ft ..... THE MAIN INPUT TO THIS PROGRAM ARE GEE(lt ANO OELTA(I), WHICH 
C~••-~REPRESF.NT THE RESPONSE OF THE SYSTEM TO STATIC LOAD OF A UNIT 
r.~o•••MAGNTTUDE UNDER CONSTANT CONDITIONS OF ENVIRONMENT. THI~ RESPONSE 
c .......... 1s THEN FITTED USING THE LEAST SOUARE FITTING METHOD TO AN 
r. ........ FXPONENTIAL SERIES.. GEE( ) ANO DELTA( } ARE THE COEFFICIENTS OF 
C~••••THIS SERIFS. WHICH IN THIS CASE IS THE DIRICHLET SERIES. 

IMPLICIT REAL~B(A-H.O-$) 
REAL*4 OUT.RLR,SNGL,FLOAt 
COMMON TM(lOO).NLR(l00),PERJOD(100),GEE(20),0ELTA{20),DURA.TREF. 

lFSOLU.FSOLL,PSOLU,PSOLL,DF(lOOJ 
OtMFNSIQN LIJ(50).A(10) 

C READ IN DATA 
READ(5.5001} TREF,TVAR.TMEAN,OURA,IX 

5001 FORMAT(4Fl0~4,Il0l 
~ READ {5.5002) NMEAN.NVAR,JK 
w 5002 FORMAT(3ll0l 

REA0(5.5002t NX,N,NK 
C NX ·1s ZERO FOR STRAINS. OTHERWISE IT CAN HAVE ANY INTEGER VALUE. 

REAn(5.5no3, (GEE(I).I=l.Nt 
5003 FORMAT(5El5.8) 

REA0(5~5DC3l (OELTA(Il,I=l.NI 
no 100 T=l.N 

l 00 DEL T fd I) =DEL T-A ( I l/ 1000. 
REA0(5,500~l(A(I),I=l,NK) 
WRITE(~·,205)(AlI),I=l•NK) 

7P5 FnRMAT(4X, 1 A = ',F6~2t 
REA0(5.'5003) CK 

. WR1TE(6,200t (DELTA(l) ,l=l.,Nl 
200 FnRMAT(4X,'DELTA = ',E15.8) 

WR1TE(6,20ll(GEECI).I=l,N) 
211 FnRMAT(4X,•GFE = ',El5o8) 

WRTTE(6,202) CK,TREF 



202 

1147 

C 
C 

10 
C 
C 

FORKAT(4X. 1 CK = •.E15.8.• REFERENCE TEMPERATURE= ',FB.3) 
OMEGA=3.1415926515/0URA 
WRITE(6,1147l DURA 
FORMAT(6X.'0URA = ',f5.3) 
REA0(5,10t(LIJ(Jl,J=l,JK) 
LIJ IS THE NUMBER OF TIME PERIODS OVER WHICH THE SOLUTION IS REQ
UIRED IN EACH CASE. 
FORMAT( 15 I 5 l 
LIJ IS THE NUMBER OF PERIODS OVER WKICH THE PROGRAM WILL OPERATE. 
SFT ARRAYS TO ZERO 
CALL ERASE{TM.100,NLR,lOD.PERIOD,100,0F,100) 
JJJ=LJJ(JK)+l 
REA0(5.5002)LS 

C THE LOOP _THROUGH ltl ALLOWS FOR THE SIMULATION OF I LS' NUMBER OF 
C SAMPLES FOR THE RESPONSE TERMS. 

DO 41 ll=l.LS 
~ 112 DO 120 K=2.JJJ 
,i::,. CALL GAUSS (Ix. FLOAT ( NVAR), FLOAT ( NMEAN) ,RLR) 

NLR ( K) =RLR+o;:so 
PER IOO (K )=30000. INLR (K) 
lRATIO=PERIOO(Kl/OURA+0.50 
NLR(Kl=30000./PERIOD(K)+0.5 

C GENERATE RANDOM DISTRIBUTION OF TEMPERATURES 
CALL GAUSS(IX,SNGL(TVARt,SNGL(TMEANJ,OUTl. 
TM(Kl=OUT 
TM(U=TM(2) 
TM(K)=JTM(K)-32.0)*5.0/9.0+273.0 
IF~TM(K).LT.267.) TM(K)=267. 
IF(TM(K).GT.318.) TM(K)=318# · 

12r1 CONTINUF 
111 WRTTE(6.5r04)(TM(K),K=2.JJJ) 

5004 FORMAT(4X.•TEMPERATURES GENERATED ARE ',lOFl0.2) 
l'JO 40 J=l • JK 
NLl.=0 
FSOLL=0,.0 
FSOLIJ=ii. n . 
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PSOLL=O,, 0 
PSOUJ.=!').O 
OlJMMY=O.,O 
II=L IJ ( J l+l 
DO 18 K=2 •II 
WRITE(6.5005J NLR(Kl 

~005 FORMAT(lHn.1x.•NUMSER OF LOAD APPLICATIONS= ',15) 
WRITE(6.5006) PERIOO(Kl 

5006 FORMATf4X•' PERIOD= ',Fl0.6) 
Ntl=Nll+NLR(K} 
PSOLl=O,.O 
PSOL2=0.0 
CALL RPETED(OMEGA.K.II,N,NX,PSOLl.PSOl2) 
FSOLU=FSOLU+PSOLU 
FSOLL=FSOLL+PSOLL 
III=ll-1 
WRITE(h,5007) FSOLU,FSOLL,III,NLL 
IF ( N X .. NE• 0 J GO TO 18 
OF(Kl=(PSOL1-PSOL2)/2., 
WRITE { 6. 5) DFl Kl. K 
KKK=K-1 
DUM~Y=OAMAGE{A,CK,NK.K) 
WRJTE-(6,5008) OUMMY,KKK 

18 CONTTNtJF 
5007 FORMAT(4X. 1 CUMULATIVE DYNAMIC RESPONSE ',El5.8,' CUMULATIVE RESIOU 

lAt RESPONSE ',E15 .. B, 1 AFTER ',14,' DAYS ANO ',16,' LOADS •t 
5 FORMAT(4X.'STRAIN AMPLITUDE= ',El5.,8,' AT DAY 1 ,14) 

GO TO 4.0 
TF(~X.NF.O) GO TO 40 

C IF THE STRAINS ARE CALCULATED THE DAMAGE IS COMPUTED. 
l,)lJMMY=DAMAGE(A,CK,NK, ti) ·. 
WRITE(6,5008l DUMMY,111 

5rna·FnRMAT(4X, 1 0AMAGE = ',Fl0.5,' AFTER ',14,' MONTHS•) 
4f1 C:nNTINUE 

41 CONTINUE 
CALL F.XIT 
END 
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SURROUTTNE RPETED(OMEGA,K,II,N,NX,PSOL1,PSOL2) · 
IMPLICIT RFAL*8(A-H,O-$) 
COMMON TM(lOQ),NLR(l00t,PERIOO(l0Cl,GEE(20),DELTA(20l,OURA,TREF, 

lFSOLU,FSOLL,PSOLU,PSOLl,DF(lOOl 
DIMENSION GX(l00),GG(20),AA(20),Al(20) 
CALL ERASE(GX,100,AA,20,GG,20,Al,20} 
KK=K+l 
NN=NLR(Kl 
IJl=II-1 
B=O,.O 
80=0. 
XX=O.O 
E=O.O 
O=O.O 
PSOLl=O,..O 
PSOL2=0 .. 0 
Bl=O.O 
Et=n .. n 
rn=o.o 
BDl=0,.0 
T?=NN*-PERtOO(Kl 
Tl=T2-PFRIOD(K)+OURA/2. 
DO 1.7. 1=1,N 
SUM=SUMM(KK, II ,I,T2) 
IF(SUM.GT,..40.) GO TO 201 
AJ=TM( Ill*DEXP(-SUMl/TRFF 
GD TO 203 

2e1 AI=i .. n 
2n3 RI=O,. 

TF(AI,.EQ.D,.O) GO TO 2114 
IF( TIT.,LT.,.Klf,0 TO. 2n4 
o·n 20 M=K • I I I 
MM=K+l 
~R=SUMM(MM,M,1,T?) 
TF(GR~GT,.41~} GO TO 501 
GX(M)=(TM(M+ll-TM(Mll*DEXP(-GR)/TREF 
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GO TO 20 
rs1n f;X{M)=O,,O 

20 !=\T=BJ+GX(Ml 
204 ~G(Il=(AI-Ril*GEECI) 

W=GAMA{Kl*DELTACI} 
WP= ~-p: PF.RI OD ( I( l 
DEN= 1 ,, / ( :'.. ,., + ( 'i,,J / ( 2,, :;, CME GA ) ) ia: * 2 ) ,J,O,, 5 
J!=(TJh~nGT~50ol GO TO 15 
TX=l~-DEXP(-T?*W) 
(;0 T ,'.) 99?1'.• 

15 TX=L, 
99?0 TF(WP~GT~50~) GO TO 117 

EXT=OEX:J(WP) 
TF(W~LTnlQE-061 FXT=Oo5 
FXOc::Di=XP{ w·ouRAl 

J.17 

.,\ I\ ( 1 i = TX ,;.; ( 1 o - E X f) ) ,.:~ D F, N / ( E X T- 1 o l ;;;, G G { I ) 
A1 (T)=TX~OEN~t1~-EXD)/(EXT-loOl~GfE(!l 
ff ( H,, LT,, L, E~ 0 6 l != X T = l o 

r:: X D?=Df X P { W:-'1 0URM·Oc 5) 
D = t. A ( ! l 1: EXT/ EX D2 
l) l =Al ( I ) ,, EXT/ E xn? 
8=(1o+FXD2)*DEN~GG(J) 
Rl=<l~+EXD2l*DEN*GEE(I} 
RD=R+D+RD 
B01=Rl+nl+RD1 
Gn TO 210 
BD=BD-+n::N:-':GG { I ) 
BDl=ODl+DE~*GEE(Il 
S=W"•:( PFRIOD<K l-DU~A) 
I F ( S,, GT ,, 60,. } GO T O 2 2 5 
r\A( I )=-TXi':!)EXP c-s,,,ioEN:i'-GG( I) 
Al ( T l=-TX,l-:nEXP(-S l 1·'0[1\.!'."1(GEf.( I l 
GO Tf.l 210 
J.\A C T.) =O .. O 
Al ( I l=O,,O 
F-=AA(Tl+E 
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El=FJ+Al( I) 

XX=XX+GG( I) 
17 cnNTINUF 

PSOLL.=E 
P SOUJ=BO- XX 
KKK=K-1 
IFtNX.NEaOl GO TO 222 

C IF THE STRAINS ARE CALCULATED, THE SSTRAIN AMPLITUDE FOR EACH 
C TIME PERIOD CONSIDERED NEED TO BE COMPUTED TO COMPUTE THE DA~AGE. 

PSOLl=RDl*TM(K)/TREF 
PSOL2=El*TM(Kl/TREF 
WRITEC6.5007t PSOL1.PSOL2,KKK,NLR(K} 

5007 FORMAT(4X, 1 0YNAMIC RESPONSE= ',E15.8,' RESIDUAL RESPONSE=', 
1El5a8,' AFTER ',15,' DAYS FOR 1 ,16,' LOAD APPLICATIONS•) 

222 CONTINUE 
RFTURN 
FNO 



REAL FUNCTION OAMAGE*B(A.CK,NK,lll 
IMPLICIT REAL~8(A-H.O-$) 
COMMON TM(l00l.NLR(l~O),PER100(100).GEE(20l,OELTA(20),0URA,TREF, 

lfSOLUeFSOLL.PSOLUePSOLLeOF(lOO) 
DIMENSION OEL(lO).A(lO) 
CALL ERASF(DEleNKl 

C INITIALIZE DELTA'S 
DELU l=O.O 
OEL(2l=O.Cll 
00 110 J-=3,NK 

110 DEL(Il=DEl(l-1 )/10.0 
OAMAGE==O.O 
DO 125 J-=2.II 
TX=O• Q 
00 15 l=J._lt 
IF(TM(Il.LT.295.l GO TO 15 

t-' C THIS IS .. AN ARBITRARILY ASSIGNED VALUE OF TEMPERATURE(20 DEGREES) 
~ C BELOW WHICH NO. HEELING OR RECOVERY OCCURS. 

IF(J.EO.Ill GQ TO 15 
TX=TX+NLR(I)*lPERIOO(Il-OURAl 

15 CONT J NlJE 
REC-=O,.O 
00 13- K=leNK 
JF(TX*DEL(Kl.GT.60.l GO TO 13 
REC=REC+OEXP(-TX*OEL(K)l*A(K) 

13 CONTINUE 
OK=CK 
tF(TM(J.).GT.295ol OK-=t(TM(J}-295.l*lO.+l.t*CK 
WRITE(6il0) DK,OF(J),J 

10 FORMAT(4X, 1 CK = 1 ,E15.8,'· OF= ',E15.8,' J = 1 ,14) 
~I=DK*(l•/DF(Jll**4.5 
0 F. l F= 0 FLO AT ( NL R ( J ) , / X I 

·wRITE(6,12) XI,DELF.REC,NLR(J),J 
12 FORMAT(4X. 1 Xt = ',E15.8, 1 DELF ~ •,E15.8, 1 REC= 1 ,F7.5,' NLR = ., 

117,' J = • ,t3t 
OAMAGE=OAMAGE+OELf*REC 
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12-; CONTII\IUE 
Rf TURN 
END 

0 11,r 



REAL FUNCTION Sl.JMM*B (IK.IJ.I,T2) 
IMPLICIT REAL*8(A-H.O-$t 
COM~ON TM(10Dl,NLR(l00),PERIOO(l00),GEE(20),0ELTA(20),0URA,TREF, 

lFSOLU.FSOLL.PSOLU.PSOLL.OF(lOO) 
SlJMM=O .. O 
lf(IJ-IK, 20.21.21 

21 CnNTINlJE 
DO 10 Jl=IK,IJ 

10 SUMM=SlJMM+GAMA(Jil*l2*DELTA(I) 
20 CONTINUE 

RETURN 
FNO 
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REAL FUNCTION GAMA*8 (KLM) 
IMPLICIT REAL*S(A-H,0-$) 
COMMON TM(lDO),NLR(100),PERI0D(lOC),GEE(20},DELTA(20),DURA,TREF, 

lFSOLU,FSOLL,PSOLU,PSOLL,OF(lOO) 
X=1nono~/TREF-10000.1TM(KLMl 
GAMA=lO.**X 
RETURN 
END 


