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PREFACE

This report presents the Flexible Pavement System Second Generation for
the design of flexible pavements incorporating fatigue theory, linear elastic
layered theory, and stochastic concepts. In terms of elastic and fatigue ma-
terial properties and their stochastic variations with both space and time,
loading, and environmental conditions, new models to predict pavement perform-
ance are developed for distress manifestations such as cracking, rut depth,
and roughness. The proposed models can be directly used for the design of
flexible pavements and can also be included in the Flexible Pavement Systems
Computer Program already developed for the Texas Highway Department.

This report is also meant to be a background document for further work to
be done to include the effects of temperature and other stresses in the flex-
ible pavement systems model.

This is one of the reports in a series that describe the work done by the
Center for Highway Research in the project entitled ''The Development of a
Feasible Approach to Systematic Pavement Design and Research." The project
proposes a long~-range comprehensive research program to develop pavement systems
analysis and is unusual in that it is a joint effort by three separate research
agencies. The project is supported by the Texas Highway Department in coopera-
tion with the Federal Highway Administration Department of Transportation.

The AASHO Road Test data were a very good source of information and were
used extensively throughout the analysis in this report for verification of
the proposed models. The computer programs were written for the CDC 6600 com-
puter in FORTRAN language.

This report is a product of the continued assistance of many people. The
entire staff of the Center for Highway Research at The University of Texas at
Austin must be thanked for their cooperation and contributions. Thanks are

due to Nancy Braun for her very valuable assistance in the computer program-

ming.
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to simulate the transformation between the input variables and performance
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ABSTRACT

Design of flexible pavement is a complex procedure involving numerous
variables. The systems approach can be considered as the best method for
solving design problems. An important part of any pavement design system in-
volves upgrading it in order to include the best possible technology. One of
the distress mechanisms included in the conceptual flexible pavément design
system, as a part of the fracture failure mode, is fatigue of the pavement
materials. Tts consideration on some rational basis and stochastic variations
of the material properties in space and time need particular attention in the
development of a working systems model.

New structural design models, for the second generation of the flexible
pavement system, based on linear elastic layered theory, fatigue theory, and
probability theory, are presented. Probability theory is used for variation
in material properties and fatigue life and for calculation of the cracking
index, based on probability of damage. The new design models are proposed to
replace the empirical relationship used at present to simulate the transforma-
tion between the input variables and performance of a pavement. The service-
ability and performance concepts from the AASHO Road Test have also been
utilized. The fatigue phenomenon is considered and the inputs of the system
are correlated in terms of elastic and fatigue material properties and their
stochastic variations, loading, environmental conditions, and compaction char-
acteristics under repeated loading to the distress manifestations, such as
cracking and rut depth. Based on AASHO Road Test data, a correlation between
cracking and slope variance was developed. Thus, models are developed for the
cracking index, rut depth index, and roughness index to predict the pavement
per formance and present serviceability index. Computer programs have been
developed for these models to aid in the various stages of the design.

The models have been verified by comparing predicted performance with
that observed at the AASHO Road Test for 28 sections. The models compare very
well and predict the observed data within the acceptable accuracy. Results of

the sensitivity analysis for the cracking index model are included. It is
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seen that the fatigue parameter B 1s the most significant and very sensitive
variable and should be estimated very accurately.

Example problems are shown to compare the proposed models with the
existing FPS models. The proposed design method shows various improvements
and gives more realistic flexible pavement designs. A new rational procedure
for an overlay design using damage theory is explained and is based on sound
theoretical fundamentals. This is followed by a chapter on implementation of
the proposed models for the flexible pavement system second generation. It
is noted that the stress and strain calculations in the present analysis, by
the direct use of the layered program, should be improved and replaced by a
more efficient approach.

"Conclusions have been based on the overall experience gained while
working on this project. It is noted that only a few bonafide design proce-
dures for flexible pavements exist at present and those in practice need
improvements. The use of the proposed design procedure based on the theories
discussed earlier give a new dimension to the flexible pavement design field.
The characterization of material properties is a very important part of the
whole design process and requires proper attention.

Recommendations have been made to aid planning of future work. The
proposed design models are based on sound fundamentals, using the best state-
of-the-art information, and are recommended for the design of flexible pave-
ments and to be included in the pavement systems design computer programs

already developed for the Texas Highway Department.



SUMMARY

New structural design models for the design of flexible pavement have been
developed which will replace the empirical relationship used at present in flex-
ible pavement systems to simulate the transformation between the input variables
and performance of a pavement. Computer programs have been developed to quan-
tify the distress manifestations, cracking, roughness, and rut depth in a pave-
ment which are used to predict its performance. The models have been verified
by comparing predicted performance with that observed at the AASHO Road Test.
The overlay design procedure is improved and takes account of the damage to
the existing pavement system.

The proposed method can be directly used for the design of flexible pave-
ments and can also be included in the pavement system design computer program
already developed for the Texas Highway Department for updating the system.

The development has the advantage of an immediate direct application and

gives the background for further improvements in the existing design system.
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IMPLEMENTATION STATEMENT

A separate chapter is included in this report discussing the details of
implementation. The proposed structural design models can be used directly
for the desizn of flexible pavements and can also be included in the existing
FPS computer program,

The proposed method eliminates the present practice of expensive field

measurements of material properties. The use of elastic constants, which are

measured in the laboratory, can be more economical, convenient, and accurate.
The laboratory measurements of elastic constants, tensile characteristics, and
fatigue properties of pavement materials, are already in progress under a
project at the Center for Highway Research at The University of Texas. More~
over, a computer program to calculate the elastic moduli of a two-layer system
from measured surface deflection is already available and further work to com-
plete the in=-situ values of elastic moduli is in progress at Texas Transportation
Institute, Texas A&M University. The proposed method has the new capability of
predicting the nature of distress, i.e., cracking, roughness, and rutting,
which cannot be done by any existing methods.

The proposed models can evaluate the effects of compaction, fatigue, and
stochastic variations in material properties. The proposed models could also
be used to give better evaluation of some of current black bases being proposed
for pavements by the Texas Highway Department. The Flexible Pavement System
FPS is already in use by several districts of the Texas Highway Department;
hence, only a revised version of FPS, incorporating the proposed models, needs
to be formulated. Thus, there is an excellent scope of the implementation of
the proposed models in the near future without much efforts and organizational

changes.
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CHAPTER 1. INTRODUCTION

BACKGROUND

The design of flexible pavements requires knowledge of complex structural
systems. Many variables are involved, including the behavior of soils and
paving materials, combinations of static and dynamic loading, and different
environmental and climatic conditions. Early design procedures for flexible
pavements were primarily rule~-of-thumb. In time, many empirical and semi-
empirical methods of design were developed. The empirical nature of the
methods is due in part to limited knowledge of the behavior of materials and
of actual failure mechanisms and in part to the limitations of analytical
techniques in handling the complex mathematical functions required.

The inability to predict pavement performance under certain conditions
with any existing design method has been due to the manner in which design
procedures were developed; a particular development was applicable only within
certain limited geographic boundaries and suitable only for the characteris-
tics of available materials, environmental conditions, and traffic loads with-
in these boundaries.

Therefore, a more rational method of pavement design was needed, one
which could predict the performance of a pavement under various sets of condi-
. tions. Such a method may be organized within the framework of the 'systems
approach' and must consider various variables, including physical, social, and
economic. A project which proposed a long-range comprehensive research pro-
gram to develop a pavement system analysis, 'The Development of a Feasible
Approach to Systematic Pavement Design and Research,' was initiated in December
1968 by the Texas Highway Department, the Center for Highway Research at The
University of Texas at Austin, and the Texas Transportation Institute at Texas
ASM University, under the Cooperative Highway Research Program. Under this

' a computer program based

project, now entitled "Systematic Pavement Design,'
on the systems approach and known as the Flexible Pavement Systems or FPS was
developed for the design of flexible pavements (Ref 8l). A general descrip-

tion of FPS and its development is given in Chapter 2. The basic models used



in FPS were obtained from Research Report 32-11 (Ref 162), which was the
outgrowth of an attempt to apply the AASHO Road Test results to Texas condi-
tions. More than 50 physical inputs and constraints are used in the FPS models
and the output is a set of recommended pavement design strategies based on the
present net worth of the lowest total cost. Total cost consists of initial
construction, maintenance, overlays, users, seal coat, and salvage costs. The
approach gives the designer considerably expanded scope and flexibility in
exploring design options.

The performance subsystem, which is only a part of the whole flexible
pavement systems model, uses the empirical relationship between the input vari-
ables and the pavement performance. A performance history is obtained from
the prediction of present serviceability index (Ref 158), and failure of the
system is evaluated in terms of minimum serviceability level and the total
cost of the system. However, the present serviceability index is not obtained
from the actual distress manifestations, i.e., magnitude of cracking, patching,
roughness, and rut depth, but simply from some function of their combined
values. This function, which was statistically derived from the AASHO Road
Test data, is assumed to represent the present serviceability index at any
time. The use of these empirical relationships, for materials not used at the
AASHO Road Test, different envirommental conditions, locations outside the
limited boundaries, and with passage of time resulting in revision of the
standards of safety and comfort, is questionable. 1In spite of all the techno-
logical developments and the theoretical background available in the present
state-of-the-art for the design of flexible pavements, no existing design pro-
cedure, including FPS, can predict quantitatively the distress manifestations,
such as cracking, rut depth, and roughness, which will appear in a pavement
during its performance period. The distress mechanisms which are considered
in the systems design approach for flexible pavements include, as a part of
the fracture failure mode, fatigue of pavement materials. Fatigue plays an
important role in the design of a pavement structure and its complete consid-
eration on some rational basis is particularly important in the development of
a working system model. Stochastic variations of material properties with
space and time also need to be taken into account in a realistic design
approach. Proper application and use of elastic layered theories need inves-
tigation. The problem of computation of permanent deformation should be ana-

lyzed. No rational overlay design procedure which is operational considers



the actual damaged and consolidated condition of the pavement at the time of

an overlay. .

OBJECTIVE

The general objective of this study 1s to upgrade the existing flexible
pavement systems by attacking the problems of computing fatigue cracking,
permanent deformation, and roughness and developing new structural design
models. As discussed in the previous section, no existing pavement design
method can predict, or attempts to, the condition of failure in a pavement at
the end of the design period. In simple terms the main objective of the pro-
posed developments is to quantify the distress manifestations in a pavement
system in order to predict its performance and failure conditions. Inclusion
of these new models in the performance subsystem of the existing flexible
pavement systems, with necessary revision in the physical models (structural
design models), will assist in the development of a second generation flexible

pavement systems design model.

SCOPE

The approach described herein utilizes a theory of linearly elastic

' It takes into account the

layers which is commonly termed ''layered theory.’
fatigue behavior of the materials and their stochastic variations with space
and time. The probability concept in the output of the system is considered

in the analysis. The serviceability-performance concept of the AASHO Road

Test has also been used. With the fatigue phenomenon considered, the inputs

of the system are correlated to its distress manifestations, such as cracking
and rut depth. Based on AASHO Road Test data, a correlation between cracking
and the roughness index of the pavement is developed. Thus models for the
cracking index, roughness index, and rut depth index are developed to predict
the pavement performance and present serviceability index. The models are
verified with AASHO Road Test data and example problems which predict the per-
formance within the acceptable accuracy. These new models can be used directly
for the design of flexible pavement and can also be included in the design

computer programs for flexible pavement systems already developed for the

Texas Highway Department.



This report is divided into five parts, each consisting of several
chapters. Part I, the first three chapters, covers background material.
Chapter 2 reviews existing theories and methods of flexible pavement design
along with their limitations and contains a description of the flexible pave-
ment system. Chapter 3 briefly gives background data on development of the
proposed design procedure.

Part II, Chapters 4 through 6, reviews techniques used in development of
the models proposed for the design of flexible pavements. Chapter 4 summarizes
the concept of fatigue and its application to the design of flexible pavements.
Chapter 5 contains a discussion on the characterization of materials and sto-
chastic variations; the procedure for characterizing material properties, in-
cluding the AASHO Road Test materials, is explained in detail. Chapter 6
explains the use of elastic theory and layered analysis in the design of flex-
ible pavements.

Part III consists of Chapters 7 through 10, which describe the develop-
ment of distress models for quantification of total distress index, cracking
index, rut depth index, and roughness index, respectively.

Part IV, Chapters 1l through 14, is devoted to verifying the developed
models with the AASHO Road Test data and describes the use of the proposed
procedure. Chapter 1l contains the verification of the distress models devel-
oped in Chapters 7 through 10. Chapter 12 summarizes the results of a small
sensitivity analysis of the parameters in the cracking index model and estab-
lishes a format for a proposed detailed sensitivity study. Chapter 13 sum-
marizes the proposed fatigue models, contains example problems, and compares
the present FPS with the proposed fatigue procedure. This chapter also de-
scribes the revision of the present FPS model. Chapter 14 is devoted to
implementation.

Part V, Chapter 15, is the summary, conclusions, and recommendations.



CHAPTER 2. REVIEW OF EXISTING THEORIES AND FLEXIBLE
PAVEMENT DESIGN PROCEDURES

EXISTING THEORIES AND PAVEMENT DESIGN PROCEDURES

Flexible pavement design procedures in the beginning were primarily
"rules-of-thumb," i.e., procedures based on past experience. During the period
between the first and second World Wars, engineers made concerted efforts to
evaluate pavement performance and plate theory, and some rational methods for
the design of rigid pavements were developed. Efforts to evaluate the struc-
tural properties of subgrade soil and to classify soils for use in correlating
pavement performance with subgrade type also continued. The limitations to
obtaining successful and satisfactory results were partly due to the limited
knowledge of the behavior of materials and appropriate failure mechanisms and
in part to the limited analytical solution techniques available for the complex
functions required. Application of Boussinesq's theory of stresses in ideal
masses was developed in 1883, but it was not until 1943 that Burmister first
put forward his layered theory for two layers and conceptually presented the
solution for three-layered system, giving some rational basis for the design
of flexible pavements (Ref 14).

With the advent of World War II, the U. S. Army Corps of Engineers ini-
tiated a study of design methods that eventually led to the CBR design method.
Following World War II, many state highway departments also started studies to
develop pavement design procedures. Many independent design procedures were
developed, based on various soil tests that were correlated with pavement per-
formance, environmental considerations, experience, and theories, and at the
present time numerous design procedures are in use.

Over the years, several road tests (Table 2.1) have provided a wealth of
experimental data and observations. The AASHO Road Test, which cost about
$30 million, was one of the most successful. One of the major objectives of
the AASHO Road Test was to provide information which would be used in develop-

ing pavement design criteria and design procedures.



TABLE 2.1. IMPORTANT ROAD TESTS

Road Test Name Year Agency Pavement Type
Arlington Test
(Virginia) 1919 BPR flexible and rigid
Bates Road Test
(Illinois) 1920-23 BPR flexible and rigid
Pittsburgh Road Test
(California) 1930-40 Columbia Steel Co. rigid
Stockton Road Track
(California) 1930-40 Corps of Engineers flexible
Hybla Valley
(Alexandria, Virginia) 1944-54 HRB, AI, BPR flexible
Maryland Road Test
(Maryland) 1950-51 AASHO rigid
WASHO Road Test
(Idaho) 1952-53 WASHO flexible
AASHO Road Test
(I1linois) 1958-61 AASHO flexible and rigid
BPR - Bureau of Public Roads
HRB - Highway Research Board
AT - Asphalt Institute
AASHO - American Association of State Highway Officials
WASHO - Western Association of State Highway Officials



The Committee on Theory of Pavement Design of the Highway Research Board
recently prepared a review of existing theories and methods of pavement design
(Ref 183). 1In their report, the design procedures are grouped under the follow-

ing headings:

(1) elasticity methods,
(2) ultimate strength methods,
(3) semi-empirical and statistical methods, and

(4) empirical and environmental methods.

The elasticity methods are based on the criterion of limited stresses or
strains as determined by calculations based on the theory of elasticity for
certain values established empirically as safe. The ultimate strength method
assumes that a pavement possesses an adequate safety factor against an assumed
shear failure of the pavement system. The semi-empirical and statistical
methods are based on studies of observed field behavior, followed by statisti-
cal analysis of data to correlate performance and other design factors involved.
In the empirical and environmental methods, the pavement is designed based on
soil classifications and envirommental conditions. It can be seen that the
bases for these four methods are quite limited in scope, and none of the
methods can predict the actual distress manifestations during and at the end
of the design life.

Methods based on systems approach, which can be considered the latest and
best available, are discussed separately in more detail for the following rea-

sons:

(1) to give background information for development of the new models
developed in this dissertation;

(2) to show the lack of a rational basis and the improvements needed; and

(3) because the new design models developed in this dissertation, when
included in the existing flexible pavement systems (FPS), will lead
to the flexible pavement system - second generation.

EXISTING FLEXIBLE PAVEMENT SYSTEMS MODELS

It is practically impossible to describe completely pavement behavior with
a single equation or model. To define this behavior and solve the problem of
pavement design, a systems approach is required. It is a framework within which
the multitude of physical and socio-economic variables involved can be sorted

out and related in a meaningful way. For this study, systems approach is



defined as a systematic way of approaching, modeling, and solving a problem,
utilizing available manpower, money, material, and time in the best possible
way.

A 1967 NCHRP project led to the first work applying systems engineering
to pavement design (Ref 78). 1In a similar but independent effort, Hutchinson
and Haas (Ref 82) applied the systems approach to structuring the overall prob-
lem and several of the subsystems design problems. A phase development and
description of the pavement systems is fully presented in Ref 8l, The systems
approach was recognized as the most logical by a large number of pavement de-
sign engineers at the Highway Research Board Workshop on Structural Design of

Asphaltic Concrete Pavements at Austin, Texas, December 1970.

Development of Existing Flexible Pavement System

Two systems models for the design of flexible pavements, one based on
deflection and the other on structural number, have recently been developed
for the Texas Highway Department under the Cooperative Research Program (Ref 81).
The primary purpose of the existing flexible pavement systems method was to
provide the designer with a means for investigating a large variety of pave-
ment design options in a systematic and efficient manner. It was not intended
to replace a designer's decision-making prerogative, but rather to give him
increased scope and flexibility (Ref 81).

The mathematical models developed for FPS are based on the established
objective of providing from available materials a pavement capable of being
maintained above a specific level of serviceability over a specified period of
time, at a minimum overall cost. The computer program was written to provide
an output of feasible pavement designs sorted by increasing total cost, to
help the designer or decision-maker to make his choice as quickly and easily

as possible (Ref 81).

Inputs and General Description of FPS (Ref 811

Each of the two FPS models consists of a set of mathematical models that
may be broken down into four types: (1) physical, (2) economic, (3) optimiza-
tion, and (4) interaction.

A large number of input variables are considered in FPS to simulate the

total pavement design approach as closely as possible.
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Physical Models. These are simulations of the real-world performance of

a pavement during the analysis period. Traffic models predict the traffic
during the analysis and performance periods; environmental models take into
account environmental conditions, considering temperature, regional factor,
and swelling clay parametersg; performance models predict the behavior of the
pavement, based on the present serviceability index (PSI) concept developed at
the AASHO Road Test, and include a pavement strength model based on either
(1) surface curvature index (SCI) or deflection model (Ref 162), or (2) struc~-
tural number and soil support models from the AASHO Road Test.
In the deflection model, the material in each layer is characterized by
a stiffness coefficient which is entirely different from the structural num-
ber coefficients in the AASHO Interim Guides. The stiffness coefficient values
for different materials are based on field measurements of pavement deflection.
The structural number model is based on the structural number and soil
support parameters developed at the AASHO Road Test. Using the information
from the AASHO Road Test, the AASHO Committee on Pavement Design developed a
design method that was issued in the form of Interim Design Guides (Refs 64
and 65) in 1962. It was emphasized that the design guides were interim in
nature and subject to adjustment based on experience and additional research.
It was noted that careful consideration was required to assign strength coeffi-
cient values to materials not used at the Road Test. The design equations were

derived for

(1) a specific set of paving materials,
(2) a single environment,

(3) an accelerated traffic period (two years compared to a normal
design period of 20 years), and

(4) identical traffic (mixed traffic was not applied).

Though the Interim Guides approach is sound in that it recognizes the
importance of soil support, traffic load applications, and climatic conditions,
however, the problem is to quantify the effects of all these factors on some
rational basis. In spite of large variability, certain weighted average values
have been considered as constants and are used as the coefficients of relative
strength in the pavement design procedure of the Interim Guide. The term
Y"eoefficients of relative strength" is misleading as these are essentially the

regression coefficients in the structural number of thickness index equations
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and supposedly represent some material characteristics. The values of 0.44,
0.14, and 0.11 represent weighted averages of coefficients of relative strength
a; > ay and a3 determined from an analysis of performance and design

(Ref 70). Actually these coefficients in the analysis varied from 0.83 to
0.33, 0.25 to 0.11, and 0.11 to 0.09, respectively. It is difficult, there-
fore, to consider the design performance relationships of AASHO as exact. To
establish coefficients of relative strength for any other material as con-
stants is also very difficult. Though it was appreciated and pointed out that
these coefficients were related to the physical properties of the materials,
no definite formulation was offered for the correct properties. Different
agencies have made efforts to predict the correct values of these coefficients
through correlations with CBR, cohesiometer values, and Marshal stability, but
these correlations are also empirical.

In NCHRP Project 1-11 (Ref 117), a method was developed for selecting the
structural coefficients based on layered elastic theory. Vertical compressive
strain on the subgrade, surface deflection, and tensile strain of the asphaltic
concrete were selected as the criteria to establish structural layer equiva-
lency. It was shown that the equivalencies can vary according to various geo-
metric environment and loading conditions and that several assumptions were
required to account for these conditions. Charts were developed in terms of
selected material properties, but these are also only approximate.

Even such a major effort as the AASHO Road Test could produce only an
interim design guide, subject to adjustment based on experience and additional
research.

NCHRP Project 1-11 (Ref 117) was conceived to evaluate the various tech-
niques used and the results obtained by the individual states after applying
the guides to pavement structure design. This information was collected from
the various states and the results were summarized (Table 1 of Ref 117). The
importance of the AASHO Interim Guides is apparent from its use by about 32
states. They are being widely used, partly because of the unavailability of

any other, better, and more rational design procedure.

Economic Models. Economic models are used to determine the total cost of

a design as well as a breakdown of the cost. All costs are converted to pres-
ent value at appropriate interest rates which are supplied by the user. The

present value represents the amount of money which would, if invested at the
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present time, generate funds to accomplish the design scheme as specified.

There are seven types of economic models used in FPS.

(1) initial construction cost model, which determines the cost of
the initial construction based on the cost per compacted cubic
yard of each material used;

(2) seal coat cost model, which calculates the present cost of the
seal coats required during the performance period;

(3) overlay construction cost model, which together with a physical
model determines when and how much to overlay as well as the
cost;

(4) routine maintenance model, which predicts the cost of routine
maintenance based on the optimum overlay and seal coat schedules})

(5) user's cost model, which determines the cost to the user due to
traffic delays during overlay construction;

(6) salvage value model, which determines the value of the pavement
remaining at the end of the analysis period; and

(7) total overall cost model, which relates all costs during the
analysis period to their present value at the beginning of the
period.

Optimization Models., The two optimization models used in FPS to deter-

mine a set of optimal designs, based on overall cost, are

(1) modified branch and bound technique, which systematically de-
termines which initial construction designs will lead to a set
of optimal designs.

(2) determination of the optimal overlay policy for each initial
design, considering all possible policies.

Interaction Models. An interaction model is an algorithm which defines

the interactions between two or more other models. For example, in finding
the life of initial and overlay construction designs, a time must be deter-
mined which will satisfy both performance and traffic models. Because of the

complexity of these models, it is necessary to use an iterative technique.

Design Flow Chart of FPS. A design flow chart for the deflection version,

FPS2, is shown in Fig 2,1. The flow chart for the structural number version

of FPS is similar except for a few changes in the list of parameters. This
chart shows all parameters involved in the various models of FPS2, The design
strategies consist of schedules giving optimal cost, pavement life, overlays,
material arrangement and thickness, and seal coat. Each schedule is calculated

by consideration of the various parameters, shown in boxes. From the flow
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chart, it can be seen that the program involves a large number of variables
(the number of inputs into the program is 6n + 44 , where n 1is the number
of materials considered for use above the foundation) which are intercorrelated

in a complex optimization technique.,



CHAPTER 3. DEVELOPMENT OF SECOND GENERATION FLEXIBLE PAVEMENT SYSTEMS

INTRODUCTION

The review of existing theories and various design procedures for flexible
pavements in Chapter 2 showed the diversity and lack of rational basis for some
present design procedures and the need for development of an improved design
procedure.

The two existing flexible pavement systems models were also discussed in
Chapter 2. A detailed evaluation of the FPS models in this chapter will show
the need for updating and improving these models. Improved and updated struc-
tural design models, based on proper fatigue and stochastic considerations, are
developed later in this report. These structural design models technically
would fit into both existing FPS computer programs.

A basic work plan outlined in this chapter for the fatigue subsystem
establishes the format of work plans for other areas, such as temperature
stresses and stochastic variations in input design variables, which will be

included in the existing FPS models at the appropriate stages.

EVALUATION OF THE EXISTING MODELS

Performance of a pavement is a measure of the accumulated service it pro-
vides and a function of the present serviceability history of the pavement,
according to the AASHO concept of present serviceability index (PSI). The
distress mechanism is the response which can lead to some form of distress
when carried to a limit. Figure 3.1 shows the categories and examples of dis-
tress mechanisms in the pavement system.

Literature review shows that the best means presently available to account
for all the distress modes in a pavement in the three categories shown in
Fig 3.1 is the present serviceability index dquation developed at the AASHO
Road Test (Ref 70). The roughness in the AASHO Road Test (Eq A7.l) is a func-
tion of distortion and disintegration modes. The cracking and patching terms
are related to all three distress modes, and rut depth is a function of distor-

tion mode only (Ref 78).

15
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Distress Distress
Mode Manifestation Examples of Distress Mechanism

T Excessive loading

Repeated loading (i.e., fatigue)
Thermal changes

Moisture changes

Slippage (horizontal forces)
|_Shrinkage

rCracking

Fracture

Excessive loading

Repeated loading (i.e., fatigue)
Thermal changes

| _Moisture changes

—Spalling

TExcessive loading

Time-dependent deformation
(e.g., creep)

Densification (i.e., compaction)

Consolidation

_§welling

Permanent
deformation

Distortion

MExcessive loading

Densification (i.e., compaction)
Consolidation

|_Swelling

~Faulting

[ Adhesion (i.e., loss of bond)

FStripping-—~—————————- Chemical reactivity
|_Abrasion by traffic

Disintegration

" Adhesion (i.e., loss of bond)
Raveling Chemical reactivity

—and Abrasion by traffic
scaling Degradation of aggregate

| Durability of binder

Fig 3.1. Categories of pavement distress (After Ref 78).
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The FPS models (Ref 81) utilize the AASHO concept of pavement performance
and are based on field results from AASHO Road Test and Texas Transportation
Institute (Ref 158) test sections. The FPS also incorporated many variables
to select a best and most economical design. Therefore, the FPS models repre-
sented the latest and best available design procedures. Though an effort was
made to include as many factors from Fig 3.2 as the present state-of-the-art
would permit, many factors still required improvements and considerations, as
discussed below.

One of the distress mechanisms included in the systems approach for pave-
ment design as a part of the failure mode is the fatigue of pavement materials
(Fig 3.2). Fatigue plays a very important role in the design of a pavement
structure and it should receive particular attention in the development of a
working systems design model. This important mode of failure has not been
given complete consideration in FPS, although the number of repetitions of
axle load in FPS considers some kind of fatigue mode. The number of repeti-
tions N , however, are related to PSI only empirically without any theoretical
basis and without consideration of actual fatigue behavior of materials under
repeated stress and strain. Fatigue theory, as it applies to the new design
procedure, is discussed in detail in Chapter 4.

In the deflection model of the FPS, the materials in each layer are char-
acterized by a stiffness coefficient, but no way has been found for defining
or predicting the values of these coefficients from laboratory tests with suit-
able accuracy. These must be estimated from deflection measurements made on
the same type of material on an existing pavement located in the same general
area as the planned facility. The accuracy of the prediction of these coeffi-
cients by this method for the other materials is doubtful. In the AASHO model,
the values of strength coefficients are empirical and, as discussed in Chapter 2,
cannot be determined accurately by any available test method.

In the present FPS, the history of change in material properties during
the lifetime of the pavement is not taken into account. At the time of an
overlay, the material thicknesses and their original strength coefficients are
assumed.

Structural number SN or surface curvature index SCI (Ref 81l) are directly
related to present serviceability index PSI without consideration of the

stresses and distress in individual layers., Sections with the same SN or
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SCI are assumed to behave in the same way, irrespective of different combinations
of thicknesses.

These methods use either strength coefficients or structural numbers;
but neither strength coefficients nor structural numbers can be correctly
defined nor assigned units, nor can their values be accurately predicted from
laboratory tests.

Engineers working with materials recognize that the properties of mate-~
rials in a specimen vary considerably from point to point and from time to
time. These variations are certain to occur in a pavement structure also.
Although these variations are recognized from a practical standpoint, the FPS
or any other current design procedures do not take this variation into account
directly.

In the present FPS model, as shown in Fig 3.3, the material properties,
loading conditions, axle applications, and environmental conditions as input
are related to the output, i.e., PSI, only empirically. Some rational and
theoretical basis is needed for correlating the above factors. Different dis-
tress manifestations are not quantified separately.

The swelling clay parameters in the present FPS are very empirical in

nature and need to be quantified on some theoretical basis.

PROPOSED REVISION OF FPS

Based on some noted discrepancies of FPS design methods and other factors

discussed herein, a revision to the existing FPS is presented.

Factors to be Considered in the Design of Flexible Pavements

The design of flexible pavement requires consideration of several complex
and interrelated factors. The conceptual pavement design system shown in
Fig 3.2 details the inputs to the system, the different models needed, the
predictions they provide, and the output from the system. It also includes
the decision criteria and gives steps in selection of a best design. In the
revision of the FPS, consideration of this conceptual pavement system is very
important to assure that as many factors are included as the state-of-the-art
permits.

Based on the work of Barksdale and Leonards (Ref 6) and other available
literature, it appears that the following factors are those most important for

the design of flexible pavements.
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INPUT MODEL OUTPUT
N ] Regression
ond
I > Empirical = PG|
Models
0, [ 7|
a PSI = Present Serviceability index
RDI = Rut Depth Index
Ci = Cracking Index
t The Swelling Clay Parometer has not been Rl = Roughness Index
included in the list of inputs. SV = Slope Variance

(o) Present FPS Model

INPUT SYSTEM OUTPUT
Ni |
E; , , _ RDI
| Fatigue Theory, Linear Elastic
p. | Lovered Theory, and cl L ]
! Stochastic Concepts ] Cl,RI, RDI
K, = R v/s m
i PSI Corelation _—-
t
AASHO Cl &
o pata X8l R
™ Corelation
PSI

(b) Proposed FPS Model-Second Generation

N,=Number of Single axle applications of ith load group

Ng= Number of Equivalent I8 kip oxle Applicativ.,s

A;= Structural Number or Strength Coefficent in AASHO & Deflection Mode!
D.= Thickness of the Pavement Layers

Ez Modulug Values of the Pavement Materials

M= Poisson's Ratio

a=Daily Temperature Constant

t= Time since Initial Construction

8ym= Environmental Effect of Temperature 8 Moisture Content

Fig 3.3. Present FPS model and proposed FPS second generation,
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(1) Cracking and/or rutting due to stress and strain from wheel loads
(Ref 6).

(2) Fatigue failure in the surface materials due to repeated flexing
induced by elastic deformations in the underlying components of the
pavement. Cracking of the surface materials can lead to deteriora-
tion of the entire pavement due to the resulting increase in trans-
mitted stresses (Ref 6).

(3) Cracking and rutting of the surface material due to shear displace-
ment and/or compaction of the base and subbase. Compaction of base
materials generally leads to increased stability, Patching and re-
surfacing will restore the pavement, and further deterioration due
to this cause is likely to be relatively minor. In any case, im-
proved methods of compacting granular materials in the field and use
of stabilized bases have reduced the occurrence of this defect (Ref 6).

(4) A general (punching) shear failure due to inadequate shear strength
of the subgrade. Such failures occur rapidly under the action of a
few heavy wheel loads and damage the pavement severely. A large
increase in water content, due to frost action, for example, may
lower the strength of the subgrade excessively. Proper subgrade
sample analysis may help to avoid this type of failure (Ref 6).

(5) Cracking and rutting due to cumulative permanent deformation of the
subgrade, base, and subbase layers which increases with increased
stresses, traffic volume, and time (Ref 6).

(6) Aftereffects of cracking and rutting in the form of surface roughness
or slope variance.

(7) Surface cracking due to extreme temperature variations.

(8) Other environmental effects, including the effects of foundations
movements, swelling clays, asphalt oxidation, and change in support
conditions,

(9) Effects due to stochastic variations in the material properties with
space and time.

Extent to Which the Above Factors Are Considered at Present

On the basis of current theories, the ultimate strength methods discussed
in Chapter 2 consider failure mechanisms (1) and (4) above. Layered theory can
be utilized to calculate the stress and strain in the pavement layers to avoid
failure mechanisms (1) through (5). However, none of the present procedures
considered all the failure mechanisms (1) through (5). No theoretical approach
is available to quantify the roughness of the pavement stated in item (6) above,
other than the actual measurement of this distress on the pavements under con-
sideration. Quantification of this distress by any theoretical means is open

for future research. In this report, the surface roughness has been quantified

by statistical analysis based on field data., Though a great deal of work has
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been done for items (7), (8), and (9) and there are several ways to get
qualitative information as to their effect on pavement, no quantitative and

rational procedure is available which considers them in pavement performance.

SCOPE OF THE PRESENT REPORT

The proposed models for the design of flexible pavements developed in this
dissertation utilize linear elastic layered theory, fatigue theory, and prob-
ability theory. Based on these theories and concepts as shown in Fig 3.3,
factors (1) through (6) have been quantified on a more rational and theoretical
basis. Factor (9) has been considered. The strength and stiffness coeffi-
cients of FPS are replaced by more realistic measurable properties, i.e.,
moduli of materials.

Considering the fatigue phenomenon, the systems input are correlated,
in terms of measurable material prﬁperties, loading, and environmental con-
ditions, to its distress manifestations, such as cracking and rut depth. Based
on AASHO Road Test data, the correlation between cracking and roughness index
is developed. The serviceability and performance concept of the AASHO Road
Test has also been utilized. Thus, models are developed for distress manifes-
tations to predict pavement performance and present serviceability index. The
models have been verified with the AASHO Road Test data. In the present report,
theoretical and empirical approaches have been combined to give the best design
procedure possible within the present state-of-the-art.

In the revision of the FPS models, the new design models will replace
the empirical relationship used at present to simulate the transformation
between the input variables and performance of a pavement as shown in Fig 3.3.
This revision will lead to the second-generation FPS. To develop second-
generation FPS, the existing structural models for traffic load applications
are replaced by the proposed design models, and existing economic and other
models are used to study the various design strategies and obtain the best
alternative design. The replacement of the existing FPS structural models for
fatigue is explained in the following paragraphs.

The present serviceability index (PSI) of a pavement can be conceptually

represented as

PSI = f[fatigue (traffic load applications), swelling clay,

temperature stresses] 3.1)
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For the second~generation FPS, the first term on the right of Eq 3.1 is
quantified in this dissertation by improved performance and distress index
models to replace the existing FPS structural performance model for traffic
applications. The FPS swelling clay performance equation remains unchanged,
but further improvements (Ref 187) in the models need to be investigated.

The last term of Eq 3.1, representing the deterioration in PSI due to
major temperature stresses, is not presently considered in the FPS. Research
on this item is in progress at the Center for Highway Research. The models
developed for temperature stresses are planned for the second-generation FPS.

The existing FPS performance equation includes traffic and swelling clay

parameters as given in Eq 3.2 (Ref 113).

2
Py T T
P o= s- VR t=f - ) | - 033500, e -] @

where

P = the present serviceability index at time ¢t ,

PK-l = the present serviceability index at time tk—l s

B = a constant = 53.6,

SK = the surface curvature index for Kth performance period,
N = the number of 18-kip equivalent load applications adjusted

by the risk factors to give an acceptable confidence limit
at time ¢t ,

N = the number of 18-kip equivalent load applications at the th
confidence level which occurred at the end of the (K - 1)
performance period,

a = a temperature constant which varies geographically,

C1 = the fraction of a roadway length that has expansive clay
in locations that are likely to promote volume change,

C2 = the maximum amount of differential heave that is likely to

be noted along a roadway,

8 = a constant which determines the rate of heaving of the
expansive clay,
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N Yy -Y
c c o 2

e e [y e+ o2 2] (3.3)

CL(Yc + yo) 0 Cp
where

Nc = the number of accumulated 18-kip equivalent load applications
during the analysis period adjusted by the risk factor to give
an acceptable confidence limit,

CL = analysis period in years,

Y, = average daily traffic at the beginning of the analysis period,

Yo = average daily traffic at the end of the analysis period.

The underlined portion of Eq 3.2 represents the terminal PSI due to traffic
load applications, and the other portion represents loss in the PSI due to
swelling clay,

In the proposed models, the underlined portion of the existing FPS is
replaced by the performance model developed in Chapter 7 (Eq 7.5) and distress
index models developed in Chapters 8 to 10 (Eqs 8.7, 9.1, and 10.15). Based
on values of distress indices computed from distress index models, the present
serviceability index is obtained from the performance model (Eq 7.5). The PSI
thus obtained is substituted for the underlined portion of Eq 3.2 and the final
PSI is computed by subtracting the loss in PSI due to swelling clay. The dis-
tress index models and therefore the proposed performance model, as detailed
in Chapters 7 to 10, is a function of several parameters, such as traffic load,
actual number of traffic applications each month, the month in which the facil-
ity is opened for traffic, total time, several material properties and their
stochastic variations, confidence level, deformation characteristics of ma-
terials, and environmental conditions, as compared to the factors in the exist-
ing FPS shown in the underlined portion of Eq 3.2,

The proposed procedure utilizes the actual load repetitions each month for
each load group, instead of only one 18-kip equivalent load group. The traffic
load repetitions th for tth month for jth load group separately can be
computed from Eq 3.4 if the traffic growth rate Yj and initial traffic repe-

titions Nj of a load of level j are known:
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N,. = N.(1L+v.)°t (3.4)
it Y ’

However, if desired, with modification in the proposed procedure, Eq 3.3

can also be utilized for traffic computations.

Work on Items Not Covered in the Present Report

This report covers only a part of the whole work required to idealize the
FPS models and continued research efforts are being made by various agencies
and individuals (Ref 81) in this direction. Even for the second generation
of FPS, further efforts are required and M. Y. Shahin and M. I. Darter, both
of the Center for Highway Research, The University of Texas at Austin, are
working to quantify the effects of surface cracking due to extreme temperature
variations and stochastics for other variables not considered in this report,
which will also be included in the second generation of FPS.

At present, the effects of foundation movements, asphalt oxidation, change
in support conditions, etc., still need to be taken into account on some ration-

al and theoretical bases and are fields open for further research.

BASIC WORK PLAN

The structural design procedure based primarily on fatigue and stochastic
concepts and developed in this report can be considered as a subsystem of the
whole ''systems of pavement analysis, design, and management' or the '"ideal
pavement systems design' model. A flow diagram representing the work plan for
developing this subsystem is shown in Fig 3.4. This figure represents a basic
work plan for the subsystem developed in this report and it also establishes a
format for other areas, such as the effect of extreme temperature variations,
to be included in the pavement system in subsequent studies by others.

This report covers the steps that lead to development of a satisfactory
design process; after that stage, the remaining process involves putting the

concept into practice.
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PART 11

REVIEW OF AVAILABLE TECHNIQUES TO BE USED IN THE MODELS



CHAPTER 4. FATIGUE OF PAVEMENT MATERIALS

The importance of the proper consideration of fatigue* in pavement
systems design and the proposed revision of the existing FPS models was dis-
cussed in Chapter 3. The object of this chapter is to provide an up-to-date
review of fatigue theory as it applies to the design of flexible pavements in

the design procedure proposed in this report.

INTRODUCTION TO FATIGUE

Fatigue type failure in the surface layer of a pavement, indicated by
cracking on the surface, is caused by repeated tensile flexural strains from
moving loads. As a wheel load passes over a pavement, it is subjected to a
rapid build-up and decrease in stress, and the extreme fibers of the surface
layer are subjected to repeated flexural strains. To simulate and study the
effects of dynamic wheel loads, repeated load tests of surface, base, subbase,
and subgrade materials are required. The material samples must be prepared
and tested according to a procedure which closely simulates the field condi-
tions.

Generally, the use of nomenclature in available literature for flexural
fatigue tests on asphalt concrete and repeated load deformation tests on base,
subbase, and subgrade materials has not been consistent and clear. The nomen-

clature used in this report is given in Appendix 6.

ASPHALTIC CONCRETE

Only in recent years has the fatigue behavior of bituminous materials
been closely scrutinized; thus, the knowledge of asphaltic concrete fatigue

behavior is not as well developed as it is for metals. In recent years

*
The fatigue has been defined (Ref 42) as 'Phenomenon of a fracture under
repeated or fluctuating stress having a maximum value less than the tensile
strength of the material."

28
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considerable evidence has been accumulated to attest to the fact that flexible
pavements exhibit distress due to flexural fatigue caused by the repetitive
application of vehicular loads (Ref 100), Descriptions of fatigue studies
development are given by Deacon (Ref 24) and Fimn (Ref 42).

In 1953, Nijboer and van der Poel (Ref 24) suggested that fatigue may be
a significant cause of cracking in asphalt pavements. Hveem (Ref 84) has pre-
sented evidence that distress due to fatigue cracking can and does occur in
flexible pavements, especially when highly resilient subgrades are encountered.
Extensive laboratory studies of asphaltic concrete mixture fatigue behavior
have been carried out by Monismith et al at the University of Caljifornia
(Refs 124, 126, 127, 128, 129, and 130). Other investigators who contributed
knowledge of fatigue in asphaltic concrete include Heukelom and Klomp (Ref 60),
Saal and Pell (Ref 156), Papazian and Baker (Ref 141), Jiminez and Gallaway
(Ref 95), Kirk (Ref 105), vVallerga (Ref 180), Garrison (Ref 48), Bazin and
Saunier (Ref 5), and Finn and Hicks (Ref 181).

Finally, the WASHO and AASHO Road Tests proved that fatigue distress and
failure are due to fatigue cracking in flexible pavements. Distress due to
fatigue in pavements is influenced by heavy loads, a large number of repetitions,

and the type of foundation materials.

Classes of Fatigue Cracking

Fatigue cracking in flexible pavements is generally characterized by map
patterns (Ref 24). Four types of cracking were defined at the WASHO Road
Test (Ref 74). 1In the AASHO Road Test (Ref 70), cracking was divided into
three categories. C(Class 1 cracking was the earliest type observed and con-
sisted of fine disconnected hairline cracks. As distress increased, Class 1
cracks lengthened and widened until cells were formed, causing alligator
cracking, known as Class 2. When the segments of Class 2 cracks spalled more
severely at the edges and loosened until the cells rocked under traffic, the

situation was called Class 3 cracking.

Fatigue Failure Hypothesis

Pavement experiencing fatigue starts developing cracks which leads to
other forms of distress. The combined effect of these distress manifestations
is the measure of pavement performance. The process of fatigue deterioration

may be described as
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(1) existing flaws in the pavement, random distribution;

(2) nonvisible cracking: load repetition increases the number of flaws
and widens existing flaws; this widening is not enough to be visible,
but enough to cause distress and deformation. This stage is just
prior to Class 1 cracks as defined earlier.

(3) wvisible cracking: Class 1 to Class 6 cracking as defined at the
WASHO Road Test and Class 1 to Class 3 as in the AASHO Road Test.
The increase in this form of cracking results in further increase of
deformation in the form of roughness and rutting. Water percolation
through these cracks may initiate the distress manifestations.
Cracking itself may be of a little significance in the PSI equation, but
from the above discussion it seems that cracking is a good overall indicator
of pavement performance and other forms of distress in the pavement. A hypo-
thesis that cracking is preliminary to other forms of distress in a pavement,
and the correlation of other distresses with the cracking index seems reason-
able. Further development of design principles based on this type of hypothesis
is dealt with in Chapter 10 of this report.
It is further hypothesized that as the fatigue cracking in asphaltic con-
crete starts from the existing flaws and the initial distribution of flaws in
a structure is stochastic, the whole process of distress development and pave-

ment performance prediction should be based on stochastic principles.

Laboratory Fatigue Tests

In fatigue testing the variation in the number of cycles to failure is
usually quite large. The ratio of cycles to failure for identical specimens
subjected to a given stress level has been reported to be as high as 100 to 1
(Ref 42). This fatigue is recognized as a stochastic process, and a sufficient
number of specimens must be tested to predict a probability distribution
(Ref 42).

Fatigue behavior in the asphaltic concrete is generally determined in

repeated flexural tests in the laboratory in two ways:

(1) controlled constant load, or stress; and

(2) controlled constant deflection, or strain.

The controlled stress mode of loading results when the magnitude of the
repetitive load applied to the test specimen is maintained constant. In such
a test, the deflection of the specimen under each successive load application

will gradually increase as damage occurs. In the controlled strain test, the
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deflection or strain within the test piece is maintained constant by controlled
reduction of each load applied to the specimen as damage is accumulated.
Figure 4.1 illustrates each of these test modes (Ref 100).

Hicks (Ref 62) has attempted to evaluate the applicability of the con-
trolled stress and strain tests on the basis of computations of elasticity
applied to a three-layer pavement. Computations were based on a uniform sur-
face load of 70 psi over a 5-inch radius. Figures 4.2 and 4.3 summarize the
results of computations for tensile strain in the under side of the surface
layer. 1In Ref 42 it was shown that a 1-inch thickness of asphaltic concrete
surfacing would, for a given loading, be subjected to constant strain regard-
less of the total thickness of the pavement and the stiffness modulus of the
asphaltic layer. Therefore, a constant-strain fatigue test was suggested for
thin surface layers. Computations for stress are shown in Figs 4.4 and 4.5.
These indicate that the thicker sections are subjected to a relatively con-
stant stress, which suggests the constant stress mode of testing for thicker
pavement surfaces (Ref 42).

In a fatigue life study of asphalt and cement-treated bases Gallaway
(Ref 46) has made some plots based on linear elastic layered theory and veri-
fies that thicker sections are subjected to a relatively constant stress condi-
tion.

Monismith in a paper presented at the University of Nevada in 1966 has
suggested that for surface layers less than 2 inches thick the controlled
strain mode of testing is applicable, while for asphaltic concrete layers 6
inches thick or greater, the controlled stress mode of loading is appropriate.
Between these two thicknesses some intermediate mode of loading should be
applied (Ref 100).

In NCHRP Report 39 (Ref 42), Finn explained that in addition to other
reasons the in-situ pavement will generally be subjected to constant load
conditions, and the loads during the lifetime will not be reduced to maintain
a constant strain in the asphaltic layer. From this he concluded the constant
stress test to be a more logical mode of laboratory testing for pavement
designs.

Based on the following considerations, Kaisianchuk (Ref 100) suggested the
controlled stress mode of loading to determine the fatigue response of the

asphalt concrete:
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(1) The majority of pavements in which fatigue in asphaltic concrete
need be considered will be those in which high traffic volumes and
weights will require relatively thick asphaltic concrete layers.

In these cases, the controlled stress mode of loading is applicable.

(2) 1In the relatively small number of cases in which the controlled
strain mode of test is applicable, the controlled stress mode will
lead to shorter predicted lives and is, consequently, conservative.

(3) The controlled stress mode of loading fatigue test results in com-
plete fracture of the test specimen so that no difficulties arise
regarding the definition of service life. The test can also be more
easily performed in that no regulation of loads is required.

In view of these discussions, fatigue test results based on the controlled

stress mode. of loading will be adopted in this report, as given in the follow-

ing paragraph.

Fatigue Test Results

Laboratory fatigue test results are typically plotted as fatigue life
against some measure of the load magnitude repeatedly applied to the test
specimen. Tor the case of the fatigue testing of asphaltic concretes there is
evidence (Ref 42) that this relationship may be adequately represented by a
straight line on a plot of the logarithm of the fatigue life against the
logarithm of the tensile strain level. For the controlled stress mode of
testing, in which the strain level varies throughout the test, this linear
relationship holds when the initial level of strain is employed. The logarith-
mic linear relationship can be expressed, as has been done by Pell (Ref 146)

and Deacon (Ref 24), by an equation of the form:

/B .
vy - s () @D
]
where
Nj = cycles to failure at a particular stress level,
ej = bending strain,

A and B = constants depending on mixture characteristics.
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NCHRP Report 39 (Ref 42) contains a discussion of asphaltic concrete
fatigue behavior under repeated loading. The following is a summary of the
significant results of pertinent field and laboratory studies given in the

report:

(1) Fatigue behavior of asphaltic concrete is similar to that of metal,
wood, portland cement concrete, etc., and it appears in laboratory
tests as well as in the field.

(2) A linear relationship exists between the log of stress or strain
level and the log of repetitive loads to failure.

(3) Generally constant stress-type tests will respond with an increasing
fatigue life to any mix property which increases the stiffness of
the asphaltic concrete. For constant strain tests, the effect of
stiffness modulus is reversed. However, at a very low temperature
(approximately 320 F), the fatigue life is unaffected by the mode of
testing. Table 4.1 exhibits some basic parameters to be considered
in the discussion of the laboratory fatigue life test results appli-
cable to the design of pavements. The table exhibits the effect of
these parameters on the stiffness and fatigue behavior of asphalt
concrete mixtures.

(4) Longer durations of load application are associated with reduced
fatigue life.

(5) The change in stiffness modulus, deflection, or modulus of rupture
during repetitive loading tests may be used to measure fatigue
damage. A higher rate of damage appears to occur with the first 10
percent of the repetitive loadings, with a relatively constant and
somewhat reduced rate for the next 80 percent of the loadings,
followed by an abrupt change to failure.

(6) Tensile strain is the prime determinant of fatigue life. The test
results when converted from stress to strain are essentially inde-
pendent of the rate of loading (at least for less than 30 applica-
tions per minute) and temperature and closely follow the straight
line realtionship given in Eq 4.1. Any difference in the test
results was explained as due to the difference in the rate of crack
proportion.

(7) Stress reversal appears to have little effect on the rate of the
asphalt concrete cumulative damage.

(8) As long as the temperature and rate of loading do not vary markedly,
a mixture of asphaltic concrete will act elastically up to approxi-
mately 0.1 percent strain. Thus, it is possible to analyze asphaltic
mixtures according to the theory of elasticity for a given situation
as represented by a modulus of elasticity or stiffness modulus value.

(9) Test procedures described in the report can be combined with the
multilayered theory for computing stress and strain in the asphaltic
surfacing and used, at least qualitatively, to predict expected
per formance.



TABLE 4.1,

FACTORS AFFECTING THE STIFFNESS AND FATIGUE BEHAVIOR OF ASPHALT CONCRETE MIXTURES

(After Kasianchuk)

Result of Change

Fatigue Life in
Controlled Stress

Fatigue Life in
Controlled Strain

Factor Change Stiffness Mode of Test Mode of Test

Asphalt
penetration Decrease Increases Increases Decreases
Asphalt
content Increase Increases(l) Increases(l) Decreases(z)
Aggregate Increase roughness
type and angularity Increases Increases Decreases
Aggregate Open to dense

X : (2)
gradation gradation Increases Increases Decreases
Air void

(2)

content Decrease Increases Increases Increases
Temperature Decrease Increases(3) Increases Decreases

(1) Reaches optimum at level above that required by stability considerations.
(2) Not based on significant amount of data but seems reasonable on basis of other information.
(3) Approaches upper limit at temperature below freezing.

LE
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The use of constant stress test results in pavement design reduces the
efforts required for laboratory fatigue investigations and provides the basis
for development of a rational pavement design procedure based on fatigue, by
use of Eq 4.1 and fatigue damage hypothesis.

Further simplification of laboratory investigations would make the design
method even more practical. As observed by Kaisianchuk (Ref 100), attempts

are being made to provide more simplifications.

Damage Hypothesis

Deacon (Ref 24) performed an analysis of the applicability of various
compound loading hypotheses to the prediction of asphaltic concrete fatigue
life from simple loading test results. The best available hypothesis seems to
be the simple linear summation Miner's hypothesis (Chapter 8), and it will be

used in this report.

Application of Fatigue Equation and Miner's Hypothesis

The application of the fatigue equation (4.1) and Miner's hypothesis is
explained by the flow diagram shown in Fig 4.6.

The strain induced by the applied load is calculated by layered analysis.
Substitution of the strain value in Eq 4.1 gives the value of Nj , the number
of load applications of level j which will cause failure in simple loading.
This value of Nj when substituted in Miner's hypothesis along with the known
value of actual number of load applications of level j , nj will give the
"used life" of the pavement. The use of this life prediction in the actual
design procedure as developed in this report is explained in Chapter 8, under

development of the cracking index model.

UNTREATED GRANULAR AND FINE GRAINED MATERTALS

Untreated granular and fine grained materials have different fatigue
problems than asphaltic concrete. Repeated applications of loads may result
in sufficient cumulative permanent deformations in pavement layers consisting
of these materials to cause failures, although a single application of the
load would not. These materials in a pavement are normally subjected to a
triaxial state of stress. Therefore, the fatigue behavior of these materials
under an imposed traffic loading sequence must be analyzed for induced deforma-

tions under triaxial states of stress. Although it is unlikely that a method
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of pavement design will ever be developed to account for the true behavior of
the complex polyphase materials used in flexible pavement, the following steps
may prove to be a reliable practical approach for taking into account the
proper fatigue behavior of these materials:
(1) establishment of deformation characteristics under repeated triaxial
loading;
(2) analysis of stress, strain, and deformation; and

(3) analysis of distress and performance.

Though study of the relationship of stress repetition and deformation in
roadway materials 1s not new, information on the deformation characteristics
of materials under repeated loading with different combinations of axial and
confining pressures which can actually be used directly in the development of
a rational design method is very limited. The available information which

can be used in these developments is discussed in Chapter 5.

Resilient Modulus

To characterize materials for the elastic layered analysis, the modulus
of elasticity can be represented by the resilient modulus. NCHRP Report 35
(Ref 164) gives laboratory data for the repeated load test on granular and
fine grained materials. By measuring the resilient (or elastic) strain in a
repeated-load triaxial compression test, a resilient modulus can be determined

at any number of load repetitions from

od

t = 4.2
M (6 e (0) (4.2)
r
where
M (t) = modulus of resilient-deformation, psi (analogous to an
r elastic modulus) corresponding to a particular number of
stress repetitions;
ad = repeated deviator stress, psi;
er(t) = resilient axial strain corresponding to a particular num-

ber of stress repetitions, inches per inch.

Plate load tests at the subgrade surface indicate that the resilient

modulus of clay soils varies with applied pressure and water content. The



41

resilient modulus decreases rapidly in the stress range of 1 to 10 psi (a
range to be expected in the subgrades of well-designed pavements) and tends
to have a constant value at higher stress levels. At equal ratios of applied
stress to failure stress, values of resilient moduli of the subgrade soil
determined from laboratory repeated load and plate load tests are essentially
the same. The factors influencing the resilience of clays under repeated
loads can be summarized as follows (Ref 164):

(1) Resilient deformations generally decrease with an increase in the

number of load repetitions.

(2) Samples compacted to a high degree of saturation increase in strength
with time.

(3) The resilient modulus generally increases with a decrease in the
intensity of stress.

(4) A method of compaction which produces a dispersed structure tends to
produce a lower resilient modulus.

(5) An increase in the degree of saturation at compaction decreases the
resilient modulus (AASHO subgrade soil).

(6) 1In general, as the water content of the soil increases due to water
absorption after placement, the resilience increases.

So long as there is no shear failure, repeated load triaxial compression

tests on dry granular materials indicate the following relationship:

M, = ko, %.3)

where

resilient modulus,

o

confining pressure,

Q
u

It

k, n constants.

The factors influencing the resilience of granular materials can be sum-

marized as follows (Ref 164):

(1) Higher frequency of load repetitions increases the value of the
modulus.
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(2) The type of aggregate and percentage of material passing the No. 200
sieve have a definite effect on the resilient modulus.

(3) The difference between the moduli of loose and dense sand can be as
much as 50 percent.

(4) An increase in saturation leads to a decrease in the resilient
modulus.

(5) The resilient modulus is independent of the stress level so long as
the stress is below a level that causes excessive plastic deforma-
tion.

The determination of an appropriate resilient modulus value for subgrades
is not a simple problem since the selected subgrade modulus should take the
previously noted factors into account. However, using an appropriate labora-
tory method it is now possible to simulate closely any desired field condition
of a soil. TFor example, kneading compaction produces laboratory specimens
with resilience characteristics similar to those observed in field specimens
(Ref 164) for the same conditions of test. Thixotropy influence becomes insig-
nificant after about 50,000 repetitions, which 1s only a fraction of the num-
ber of stress repetitions applied to a pavement (Ref 164). The influence of
time which is much shorter in the laboratory, needs consideration though the
deformation obtained in the laboratory will give conservative estimates of the
per formance in the field.

For granular materials, also, the laboratory evaluation of resilient
modulus imposes several problems. 1In laboratory testing, estimates must be
made for the void ratio, the expected degree of saturation, a reasonable rate
of loading consistent with moving traffic, frequency of load applications, a
representative number of repetitions consistent with the field conditions, and

a representative stress condition based on best judgment and experience.

Applications of Repeated Load Test Results

The modulus of resilience of granular and fine grained materials is
utilized in the layered elastic analyses to determine the stress and strain in
the pavement layers. Then based on stress and strain values and cumulative
deformation characteristics of these layers under repeated triaxial loading,
the permanent deformation of layers in the form of rut depth is calculated.

The computed values of rut depth are finally utilized for pavement performance
computations. Development of a rut depth model, in which the above information

and procedure are used, is further discussed in Chapter 10.
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SUMMARY

In this chapter the proper fatigue theory and results of repeated triaxial
loading tests as applicable to the flexible pavement design were discussed. To
design the pavement on these principles, proper characterization of materials
is needed to determine the characteristics which are used in the proposed de-

sign procedure. The material characterization is discussed next in Chapter 5.



CHAPTER 5. CHARACTERIZATION OF FLEXIBLE PAVEMENT MATERIALS

INTRODUGCTION

A system transforms its input into output according to certain definite
relationships which can be simulated by mathematical models using certain
material properties. The basic properties of materials are complex physical
functions. However, output responses for engineering analysis can be obtained
by characterizing the ma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>