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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
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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 materials for certain significant engineering properties
such as stiffness, strength, etc. The literature shows that a great deal of
effort has been devoted to measuring such material properties. However, uni-
formity in the test procedures and analysis of test results seems to be lack-
ing. Many variables involved in material characterization which affect the
material response in a system are given in Appendix 2, Table A2.,13. Table A2.14
in Appendix 2 shows the details of the test configurations and Table A2.15
gives the various shapes of test specimens. Various wariables shown in these
tables affect the material response and point out the importance of having a
uniformity in test procedures involved in determination of the basic material
properties.

Hudson et al (Ref 78) through the systems approach to pavement design have
demonstrated the need for characterizinzg material propz2rti=s by means of con-
stitutive equations which in turn can be used in mathematical models of pave-
ment systems. The present analysis is based on linear elastic layered theory
using fatigue properties of the materials and their stochastic variation in
space and time. Therefore, the following material properties and their vari-
ations are required:

(1) elastic constants resilient or elastic modulus E and Poisson's

ratio p ;

(2) stochastic variations of elastic constants; and

(3) stress-strain relationships of materials as affected by time, tem-

perature, and fatigue characteristics,

Table 5.1 1s a summary of the tests required for material characterization

for the design procedure discussed in this report. In the present analysis

A



TABLE 5.1. SUMMARY OF SAMPLING AND TESTING REQUIREMENTS (Ref 116)

Elastic Constants Strength and Deformation Tests

Material Type Sampling Testing Sampling Testing

Intact or frag- Heukelom and Klomp
mented 1. Asphalt pene-
tration at 77° F

Asphaltic concrete Previously estab-
blished or repro-

duced laboratory

Fatigue

2, Ring and Ball specimens
softening point
°F.
3. Aggregate volume
concentration
4, Air voids
5. Time of loading
6. Temperature at
which stiffness is
required
Nijboer Method
1. Marshall stability
2. Flow value
3. Time of loading
4, Temperature at
which stiffness is
required
Granular Base and 1, Density and Resilient modulus MR 1. Density and
p Rupture envelope
subbase moisture moisture i
from triaxial shear.
2, Remolded 2. Remolded )
. : Repeated load tri-
specimens specimens - ;
axial tests varying
Fine grained 1, Undisturbed Resilient modulus MR 1, Undisturbed axial and confining
subgrade push barrel push barrel pressures for per=-
2, Density and 2, Density and manent and resil-
moisture moisture ient strains.
3. Remolded 3. Remolded Fatigue.
specimens specimens

Sh
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distress and performance models developed in this report will be verified by
the AASHO Road Test performance data. 1t is necessary, therefore, to charac-
terize the materials used at the AASHO Road Test. Though the details which
follow deal specifically with the characterization of the AASHO Road Test ma-
terials, the procedure, in general, is applicable for characterizing the ma-

terials which will be used with this design procedure.

ASPHALTIC CONCRETE
Stiffness

The response of asphaltic concrete to stress and strain is influenced by
time and temperature to a pronounced degree. Asphaltic concrete under stress
exhibits instant and time dependent strain, both of which may be partly re-
coverable and partly permanent. The time dependent part may be viscous or non-
viscous. Instantaneous strain under moving traffic forms a large proportion
of the total strain. Stress history is also important. The material's true
response is nonlinear. Table 4.1 outlines the general effects of some vari-
ables on the stiffness of asphaltic concrete. However, the elastic properties
of asphaltic concrete mixtures have been shown to be represented by its stiff-
ness at a particular time of loading and temperature. A quasi-elastic modulus
termed stiffness can be obtained by (1) the Heukelom and Klomp method (Ref 42)
as modified by Van Draat and Somnner (Ref 38) for greater air voids and (2) the
Nijboer method (Ref 173). The parameters required to define the stiffness by
these methods are given in Table 5.1.

Appendix 2 details the calculation of the stiffness values of the asphalt
concrete used at the AASHO Road Test, Table 5.2 gives the stiffness values

adopted for the present analysis.

Poisson's Ratio

The Poisson's ratio or asphaltic concrete is not a very sensitive param-
eter in the layered analysis. Any standard test can be adopted to compute the
value of this variable. According to NCHRP Report 39 (Ref 42) Poisson's ratio
in general varies from 0.3 to 0.5 for a small deformation, A value of 0.3 is
appropriate at cold temperatures (less than 40° F) and at a loading time of
0.1 second., At higher temperatures and slower rates of loading the value may
increase to 0.5. A value of 0.3 is reported by Deacon (Ref 26). TFor the

present analysis, a value of 0.3 is adopted.
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STIFFNESS VALUES FOR ASPHALTIC CONCRETE
(AASHO ROAD TEST MATERIAL)

Month Temperature, °F Stiffness Modulus, psi Xx 105
January 21° 16.0
February 25° 14,2
March 27° 13.7
April 41° 9.0
May 54° 6.0
June 66° 4.0
July 70° 3.5
August 75° 3.0
September 65° 4,2
October 51° 6.5
November 43° 8.3
December 28° 13.1
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Stochastic Varlation in Elastic Properties

The stochastic variation in stiffness values of asphaltic concrete in
space have been considered in terms of the coefficient of variation, as de-
tailed in Appendix 2. The values of standard deviations have been obtained
from the available field and laboratory test results. An average value for
the coefficient of variation is computed to be about 25 percent of the mean
value. Variation of the stiffness value in time has been determined by monthly
variation in temperature. Due to the relative insensitivity of Poisson's ratio
in the layered analysis the stochastic variation in this parameter has not been

taken into account,

Fatigue Test Data

Repetitive applications of tensile stresses smaller than the tensile
strength ultimately cause fatigue cracking in asphaltic concrete. For con-
trolled-stress loading, the mean fatigue life N is related to the initial
tensile strain € by Eq 4.1, The values of A and B depend upon the type
of mixture, the condition of testing, and the failure definition. The values
for B reported for the controlled stress mode of loading (Ref 26) vary from
2,5 to 5.9. The values of A for asphaltic concrete have been shown to vary

4 to 10_10 (Ref 38), TFor asphaltic concrete used at the AASHO Road

from 10~
Test, no direct fatigue test results are available. A value of B = 3.1 and
A =65 x 10-7 was adopted for this analysis. These values correspend to the
test results obtained at the University of California (Refs 24, 38, and 100)
for similar asphaltic concrete mixtures.

Fatigue test data exhibit extreme variability. However, the fatigue life
of specimens tested in simple, controlled stress loading with identical test-
ing conditions can be approximated by a logarithmic normal distribution (Ref 24).
The log of the standard deviation of fracture life varies from about 0.2 to
0.4 (Ref 24). However, Kaisianchuk (Ref 100) in his study of asphalt concrete
has shown that the logarithm of the standard deviation of fracture life depends
on the stress level, but could be assumed to be about 0.25 for a wide range of
asphalt mixes, In view of the above and the fact that no fatigue test data for

asphaltic concrete at the AASHO Road Test are available, the value of 0.25 was

adopted for the purpose of analysis.
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BASE AND SUBBASE GRANULAR MATERTALS

Resilient Modulus

A review of the limited data on the modulus of deformation for the ma-
terials used at the AASHO Road Test reveals a wide range of values, No direct
test results applicable to the present analysis are available for the modulus
values of AASHO Road Test materials. Various approaches through which modulus
MR values for AASHO materilals for each month were selected are given in Ap-

pendix 2, Table 5.3 gives the MR values adopted for this analysis.

Poisson's Ratio

Poisson's ratio is relatively insensitive in the elastic layered analyses,

and typical values of 0.4 for the base and 0.45 for the subbase were adopted.

Stochastic Variation

Information on stochastic variations of elastic properties is not available
for base and subbase granular materials used at the AASHO Road Test. Therefore,
the standard deviation of modulus value was based on observed variations in the
test results of other significant properties having direct relationship to the
modulus value. An approximate value of coefficient of variation of about 25 per-
cent was computed. The details of these computations are shown in Appendix 2.

No stochastic variation in Poisson's ratio was considered.

Deformation Properties Under Repeated Loading

The behavior of granular materials under repeated loading is highly de-
pendent on the degree of confinement., Haynes and Yoder (Ref 57) presented the
results of undrained repeated-load triaxial compression tests on gravel and
crushed stone used as base course at the AASHO Road Test. In these tests, a
lateral pressure of 15 psi and a deviator stress of 55 psi were used. For the
present analysis, curves representing the actual developed stresses in the pave-
ment sections were required. A literature review revealed that the results of
a study performed at Texas A&M University (Ref 35) on nine types of granular
materials could be used to obtain this information. To ascertain the possibil-
ity of using this information to characterize the properties of the granular
materials used at the AASHO Road Test, a comparison of various properties of
the two materials was made. This comparison (Table 5.4) shows that the angular
medium aggregate used for the A&M University test is similar to the AASHO base

material and the rounded fine aggregate is similar to the AASHO subbase material,
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TABLE 5.,3. MONTHLY VALUES OF MODULUS OF RESILIENCE OF BASE AND
SUBBASE OF AASHO MATERIAL
MR » psi

Month Base Subbase
January 24,000 13,200
February 24,000 13,200
March 24,000 13,200
April 15,600 7,200
May 18,000 8,600
June 19,600 9,800
July 21,600 10,800
August 23,200 11,600
September 24,000 12,200
October 24,000 12,400
November 24,000 12,800
December 24,000 13,200
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TABLE 5.,4. COMPARISON OF ASSHO BASE AND SUBBASE MATERIAL WITH A&M
TYPICAL AGGREGATE
Base Material Subbase Material
Properties AASHO A&M AASHO A&M

Gradation See Figures 5.1 and 5.2

Optimum moisture

content, % 746 7.0 7.7 7.3

Maximum unit weight 137.9 136.0 133.1 134,0

Texas triaxial class 1 1 3.7 3.0

Plasticity

a) liquid limit - 17.8 - 21,3
b) plasticity index N.P. = 4.3 2.3 N.P. - 3.4 7.4
c) linear shrinkage - 2.4 - 5.6

Los Angeles abrasion :

(500 revolutions) 23.9 ~ 28.3 25.3 25 - 35.4 27.3

Specific gravity 2,78 2.63 2.69 2.64

.0003 -

Permeability (£t/day) .006 - 140 0,003 20 x 10 0.006
Rounded
fine lime-
stone mixed

Angular with sand

med ium Natural and other

Crushed crushed sand and calcium -

Brief description limestone limestone gravel carbonate
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Table 5.5 compares the repeated load test results given by Haynes and
Yoder (Ref 57) for the AASHO Road Test base material (curve s-1l-c of Fig AZ,1)
with those given in the A&M University study for angular medium aggregate.

The comparison is made for the total strain at an axial pressure of 70 psi and
a confining pressure of 15 psi., The values of total strain in the two cases
are approximately the same at 10,000 repetitions, A relatively large differ-
ence exists at 100,000 repetitions, which is not likely to influence the aver-
age results since the samples were near the failure point at these levels of
strains and number of applications, There are many reasons for the difference
between the total strain values, A part of the difference can be assigned to
the difference in frequency and time of loading during the test in the two
cases, as shown in Figs A2.,2 and A?.3. Higher strain values would not have
been obtained for the AASHO Road Test material if the time and frequency of
loading were the same as those for the A&M test materials. For the reasons
outlined above and since better data were not available, it is considered ap-
propriate to characterize the fatigue characteristics of the AASHO Road Test
base and subbase materials respectively by the angular medium and rounded fine

aggregates used at the A&M University test,

Models to Characterize the '"Repeated load-Deformation' Characteristics

The values of permanent strain and corresponding load repetitions are tabu-
lated in Tables 5.6 and 5.7 for various combinations of vertical and confining
pressures, The range of values for stresses is selected to be comparable with
the expected values in the pavement structures under normal traffiec loads.

So that the data given in Tables 5.6 and 5.7 could be conveniently used
for the present analyses a regressiocn analysis was performed to predict the
total strain value as a function of the number of load repetitions, vertical

stress, and confining stress. The regression equations are given below.

Base Material:

Correlation coefficient R2 = 00,9938

Standard error of residuals o = 0,0745

e = 0.57852 - 0.20640 o, + 0,07854 o) = 0.01464 o log N
- 0,00121 o, log N - 0.00408 0,0, + 0.03846 (log N)’
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TABLE 5.5, COMPARISON OF TOTAL STRAIN FOR AASHO ROAD TEST AND
TEXAS A&M UNIVERSITY TEST MATERIALS

Total strain for angular

Number of Total strain for AASHO medium aggregate at ASM
Applications Road Test material, % University test, %
100 0.21 0.15
1,000 0.41 0.6
10,000 1.08 L0

100,000 A 1%




TABLE 5.6. LOAD REPETITIONS AND DEFORMATION DATA FOR BASE MATERIAL IN % STRAIN E (FIG A2.8)

5,
R 2.0 3.0 4.0 5.0

&
5 \|10.0 20,0 |30,0 |40.0 [50,0 |10.0 [20.0 | 30,0 |40.0 | 50,0 | 10.0 |20.0 |30.0 |40.0 [50.0 |10.0 |20.0 [30.0 [40.0 |50.0
1,00 | 1,2 | L7 |24 | 28| B4 4,8 | 18| G2 | 2,6 5.8 | 1.6 | 2.0 | 2.3 | 27| 3.3 | 1.5 | 22 | 2.4 | 2,8 | 25
350 | 0:5 | 20 ) 156 2.0 | 2:5 | Oi6 | el | 17| 240| 26| 0.7 | La2 | 4i8 | 242 | 247 | 0.8 | 1.33| 1.9 | 2.3 | 2.8
5.0 | 0.2 | 0.5 | 0,9 | L.4| 1.8| 0.3 | 0.6 1.0| 1.5| 1.9 0.4 | 0.7 [ 1.1| 1.6 | 2.0 | 0.5| 0.8 | 1.2 | 1.7 | 2.1
7.0 | 0.05] 0.2 | 0.5 | 0.8 | 1.2 | 0.1 | 0.3| 0.6 0.9 1.3 | 0.15{ 0.4 | 0.7 | 1.0 1.5 | 0.2 | 0.5 | 0.8 | 1.1| 1.7
9.0 | 0.01]| 0.05| 0.2 | 0.5 | 0,9 | 0.04 0.1| 0.3 | 0.6 | 1.0| 0.07| 0.15] 0.4 | 0.7 | 1.1 | 0.1 | 0.2 | 0.5 | 0.8 | 1.2

7S



TABLE 5.7. LOAD REPETITIONS AND DEFORMATION DATA FOR SUBBASE MATERIAL IN 7% STRAIN E (FIG A2.9)

%
90@_”’ 2.0 3.0 4.0 5.0
% ’d
s 5.0 {10.0 |15.0 |20.0 |25.0 |5.0 10,0 |15.0 |20.0 |25.0 | 5.0 [10.0 [15.0 |20.0 |25.0 | 5.0 [10.0 |15.0 |20.0 | 25,0

1.0 | 0.3 | 0.8 1.0 1.5 2.0 | 0,5 1.0 | 1.5 | 2.0 | 3.0 | Q0,7 1.2 |1 2.0 2,5 | 4,0 | 0,9 1.4 | 2.5 ] 3.0 5.0

2.0 | 0,2 0.7 1.0 1.2 1.5 | 0.3 | 0.8 1.1 1.6 | 2.0 | 0.4 0.9 1.3 1.8 | 3.0 | 0.5 1.0 | 1.5 | 2.0 4,0

3.0 | 0,1 | 0.2 0.8 1.0 1.4 | 0,2 | 0.4 | 0.8 1.2 1.6 | 0.3 | 0.6 1.0 1.4 1.8 | 0,4 | 0.8 1.2 1.6 | 2.0

4.0 | 0.01] 0,5 | 0,75| 0.9 1.25 | 0.1 | 0.6 | 0.8 1.0 | 1.4 | 0,2 | 0.65| 0.85] 1.1 1.5 | 0,3 | 0.7 | 0.9 1.2 1.6

5.0 | 0.08| 0.2 0,3 | 0,5] 0.9 | 0,09 0.3 | 0.4 | 0.6 1.0 [ 0.2 | 0.4 | 0.5 | 0.7 1.2 0.3 | 0.5 0.6 | 0.8 1.3

qq



Figs 3.5 and 3.6).
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- 0.00093 012 ~ 0.00062 log N 032 - 0.00292 (log N)°
+ 0.00204 0.° + 0,000l 0.5 - 0.004 o.%0. + 0.00006 0.0
3 . 1 . 3 9+ 0. 1%
+ 0.,00046 0,9, log N (5.1)

Subbase Material:

Correlation coefficient R2 = 0,9772

Standard error of residuals O = 0.1442
e = =0,75465 + 0.25605 log N + 0.17009 oy - 0.14433 log N 03
+ 0.01187 log N o) + 0.01139 00, + 0,04947 032 - 0.01132 012
2 2 3
+ 0.03340 log N 03 + 0,00115 log N o - 0.01885 03
+0.00025 0.° + 0,00367 0,20, - 0,00072 0,20
* 1 * 371 ° 1 3
- 0.01018 0,0, log N (5.2)
where
oy = radial or confining stress, psi;
€ = percent permanent strain;
N = number of stress applications;
ol = wvyertical stress, psi.

Each of the above equations is based on 100 observations. For an actual
design problem, the designer will replace these equations with the actual prop-

erties obtained for the materials to be used,
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CHARACTERIZATION OF SUBGRADE '"FINE GRAINED COHESIVE SOILS'

Elastic Constants

A resilient modulus MR of the subgrade soil can be determined by meas-
uring the resilient strain in a repeated load triaxial compression test. Since
the MR value is sensitivie to many factors, as outlined in Chapter 4, the
choice of a correct value is difficult. However, as detailed in Appendix 2,
various approaches led to the selection of suitable values based on available
information. Resilient modulus values at different moisture contents were
studied and the monthly values adopted are shown in Table 5.8. Because Pois-
son's ratio is relatively insensitive in the layered analysis, a mean typical

value of 0.5 for subgrade soils was adopted.

Stochastic Variation

No direct information was available for the stochastic variation of the
MR value. However, based on the general variations in other properties hav-
ing a direct relationship with the MR value, as outlined in Appendix 2, a

standard deviation of about 25 percent of the mean value was adopted.

Deformation Properties Under Repeated Loading

The procedure developed in this dissertation requires stress~strain plots
for various axial and confining pressure combinations. The AASHO Road Test
subgrade soil was tested in the repeated load test (Ref 165) at a confining
pressure of 3.5 psi for various axial stresses (Fig A2.10). The test was made
at a moisture content of 15.3 percent. A variation in permanent deformation
characteristic is observed due to variation in moisture content, but at the
low stress levels encountered in the pavements this variation will be very
small, For practical application of the method, repetitive load tests at var-
ious moisture contents expected in the field can be obtained for increased
accuracy.

For AASHO Road Test subgrade soil, the repetitive load test curves are
available only for 3,5 psi confining pressure. For the analysis, similar data
are required for various confining pressures in the range expected in the anal-
ysis. To make use of the available information, it has been assumed that the
total axial deformation is the same for the same deviator stress. Knowing the

deviator stress (Ox -~ Og) in the actual pavement, total strain corresponding



TABLE 5.8. MONTHLY VALUES OF MODULUS OF RESILIENCE OF AASHO SUBGRADE

MATERTIAL
Month MR , psi
January 6600
February 6600
March 6600
April 3600
May 4300
June 4900
July 5400
August 5800
September 6100
October 6200
November 6400

December ‘ 6400



60

to Oi - 3.5 can be obtained from the curves developed for a confining pres-
sure of 3.5 psi, Equivalent vertical stress Oi will be computed as follows:
ol - = "o ATl
1 3.5 o) Oy (5.3)
where
Of - og = deviator stress in actual pavement,
Oi = equivalent vertical stress.

Table 5.9 shows the values of the permanent strains vs stress applications

for various axial stresses at a constant confining pressure of 3.5 psi.

Regression Model to Characterize Deformation-Repeated Load Characteristics

To utilize the available information a regression analysis was performed

on the data shown in Table 5.9, and the following regression model was obtained.

For Oy = 3,5, psi in compression
The correlation coefficient R2 = 0,99, and the standard error of
residuals = 0,16 = 0.0016 in/in.
e = 0.,35461 9y - 0.04064 % log N - 0,06511 012 + 0.00283 013
2
+ 0,00744 .7 log N (544)

1

where symbols are as previously defined,
In the case of actual design problems, the user may replace this regres-

sion equation by the data obtained from the tests on actual subgrade material,

SUMMARY

In this chapter the characterization of the materials applicable to the
proposed models is described with special reference to the AASHO Road Test
materials. Summary of sampling and testing requirements are shown in Table 5.1.
The elastic moduli of the AASHO Road Test materials are shown in Tables 5.2,

5.3, and 5.8, while the repeated load-deformation characteristics are described

by Egqs 5.1, 5.2, and 5.4, For actual problems, the user may characterize the



TABLE 5.9, REPETITIVE LOAD AND DEFORMATION DATA OF AASHO ROAD TEST
SUBGRADE MATERIAL (FIG A2,10)

Confining preesure Oy = 3.5 psi
Moisture content = 15.3%
Axial stress Number of stress Total strain
9 repetitions N %h e
0.0 1 0.0
0.0 10 0.0
0.0 100 0.0
0.0 1,000 0.0
0.0 10,000 0.0
0.0 100,000 0.0
0.0 1,000,000 0.0
6.6 1 0.1
6.6 10 0.2
6.6 100 0.3
6.6 1,000 0.4
6.6 10,000 0.6
6.6 100,000 0.8
6.6 1,000,000 1.0
9.7 1 0.2
9.7 10 0.4
9.7 100 0.6
9.7 1,000 0.8
9.7 10,000 1.0
9.7 100,000 1.2
9.7 1,000,000 1.5
16,0 1 0.6
16.0 10 1,8
16,0 100 3.0
16,0 1,000 4,3
16.0 10,000 5.7
16,0 100,000 7.0
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materials as described in this chapter and may replace the regression models

(Egqs 5.1, 5.2, and 5.,4) by the data obtained from the tests on actual materials.



CHAPTER 6. USE OF ELASTIC THEORY AND LAYERED ANALYSIS
IN THE DESIGN OF FLEXIBLE PAVEMENTS

The concept of linear elastic layered theory has been utilized in the
design approach developed in this report. Thus, this chapter discusses the
use of this theory in the proposed procedure for the design of flexible pave-

ments.

INTRODUCTION

The use of linear elastic theory and layered analysis in the design of
flexible pavements is becoming more feasible because of the relative ease of
solution with the present generation of computers. In the past, direct appli-
cation of the results to pavement design was generally unsuccessful for the

following factors (Ref 131):

(1) complexity of solutions,

(2) difficulty in isolating the particular cause of distresses affecting
the pavement performance, and

(3) lack of agreement between measured and predicted stress and strains.

The first factor has been partially eliminated as a problem by the develop-
ment of computers. As far as the second factor, it is generally recognized
that tensile gtrain in an asphaltic material is a major factor in determining
the fatigue life, although any single theory based on elastic behavior of
materials cannot account for all complexities and factors involved. Many dis-
crepancies in the predicted and observed stresses and strains caused by the
third factor are eliminated by a better understanding of material characteriza-
tion and by more general methods of calculation. Thus, a rational design pro-
cedure is established in this report using linear elastic layered theory to
calculate the tensile strains in the asphaltic concrete layers. The stresses
and strains in the other layers are used to determine rut depth in a pavement

system,

63



64

BEHAVIOR OF IDEAL MATERIALS

In the previous two chapters, the behavior of real materials was described.
In the remaining portion of this chapter, the behavior of ideal materials,
required by the theory, is described.

The strain of an ideal elastic body and the strain rate of a viscous fluid
are both proportional to stress and independent of time. The strain of an
ideal elastic body is recoverable upon unloading, but this is not the case for
an ideal viscous body (Ref 183).

A deformation is said to be anelastic (to have delayed elasticity) if it
is time-dependent and completely recoverable. An ideal elastic body may be
represented by a spring, and an ideal viscous fluid by a dash-pot. Any com-
bination of spring and dash-pot is said to represent viscoelastic behavior.
Certain combinations of springs and dash-pots give rise to anelastic behavior
(Ref 183).

Plastic deformations may or may not be time-dependent. Aspects of linear-
ity or nonlinearity aside, the main difference between viscous deformation and
time-dependent plastic deformation is the irreversibility of the latter. If
the direction of the load is reversed, a viscous deformation will be completely
reversible, but a plastic deformation will not be reversible (Ref 183).

For low stresses, asphaltic concrete and other pavement materials may
behave in a linearly elastic fashion, while at higher loads, the stress-strain
curve is nonlinear. Ideally, the pavement material may exhibit one or all of

the following major types of deformation behavior (Ref 183).

Behavior for Behavior for

Instantaneous Time-Dependent
Type of Deformation Deformation Deformation
Recoverable Elasticity Anelasticity
Irrecoverable Plasticity Viscosity

In addition to the above factors, ideal materials are considered homo-
geneous and isotropic. For homogeneous materials, the elastic properties are
identical throughout the material and in isotropic materials, the elastic

properties are identical in all directions at any point within the material.
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Elastic Materials

Elastic theories have been used for pavement within granular and fine
grained materials, not because they are ideal elastic bodies but due to the
availability of solutions. However, properly used, the theories give solu-
tions which are accurate. The first and most widely known theory is that of
Boussinesq (Ref 8), which deals with stresses in a homogeneous, isotropic,
linearly elastic solid of semi-infinite extent subjected to a load applied
normally to the surface. This theory is not fully utilized, since pavements
with their layered structure do not satisfy the requirements of homogeneity.
More realistic are the two and three-layered solutions developed by Burmister
(Ref 14). With the advent of computers, solutions for up to 15 layers have
been developed (Ref 116). Many solutions have been published for a layered
homogeneous elastic solid loaded by a uniform vertical load over a circular
area. These solutions are tabulated by Seed et al (Ref 164) and Morgan and
Scala (Ref 131).

In an isotropic medium, only Young's modulus E and Poisson's ratio K
are required. In the Boussinesq solution, all stress components are indepen-
dent of E and only the radial and tangential stresses are affected by the
value of | . In layered elastic systems, the stresses are influenced prin-
cipally by modular ratios and not by absolute values., Displacements are in-
fluenced by the magnitude of E in a single layer and by the modulus ratios,
as well as magnitudes of E in the multilayer system. Poisson's ratio also
influences displacements but in a nonproportional fashion. The influence of
u 1is quite insignificant and has been largely ignored.

The difficulty in the use of the anisotropic solution lies in the diffi-
culty in determining some of the parameters of real materials. This deter-
mination may not be needed for the accuracy required from a practical stand-
point. The effect of nonhomogeneity at various depths of granular materials,
where stiffness changes with confining pressure, has been considered by various

authors and was discussed in Chapter 4.

Viscoelastic Materials

The stiffness of asphaltic concrete varies with temperature and rate of
loading. To account for this, the viscoelasticity theory should be applied to
solve for stress and strain. However, because of the additional complexity

involved in assuming viscoelastic behavior, much asphalt pavement analysis has
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been carried out using elastic theory. Complications of viscoelasticity in
asphaltic concrete can be avoided by accounting for the influence of loading
rate and temperature on asphalt stiffness by testing samples at the same rate
of loading and temperature as observed in the field. Various methods of com-
puting the stiffness have been developed, as explained in Chapter 5.
Although pavement and subgrade materials ideally exhibit viscoelastic

behavior, the extent is considerably less than for asphalt concrete. There-
fore, for these materials the complications of viscoelastic behavior can be

avoided by the proper choice of testing technique.

COMPARISON OF PREDICTED AND OBSERVED BEHAVIOR

Ultimate decisions about the applicability of elastic theory to pavements
can be based on the comparison of the following measured and predicted charac-

teristics:

(1) stress in single and multilayered systems,
(2) vertical strains and deflections, and

(3) horizontal strains in asphalt layer.

Stress in Single and Multilayered System

The stress estimation from strain measurement has been reported to be one
of the most straightforward ways to evaluate the usefulness of elastic theory
(Ref 131). These measurements have been reported for both uniformaly prepared
sand masses and fine grained soils (Ref 131). Considering the results of mea-
surement in both single and multilayered systems, the following conclusions

were derived (Ref 131).

(1) Vertical stress distributions for the appropriate boundary condi-
tions are given with reasonable accuracy by both the Boussinesq
single layer and the Burmister multilayered theories. For two-
layered systems, the modular ratio used for unbound bases is probably
only two to three, and the difference between the stresses predicted
by the two theories is small., Variations from the assumed conditions
of isotropy and homogeneity are unlikely to influence the vertical
stress significantly.

(2) Radial stresses, except close to the surface in single-layered
systems, are underestimated by both the single and multilayered
theories. It has been suggested that better agreement would be
obtained if the consideration of proper anisotropy of the material
in the horizontal and vertical directions is taken.
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Vertical Strains and Deflections

Direct application of elastic theory may not give very accurate results.

However, approximate approaches based on the elastic theory have been developed

and are discussed in Chapter 10.

Horizontal Tensile Strain in Asphaltic Material

The horizontal tensile strain at the base of an asphaltic layer has been
widely accepted as the criterion for fatigue failure of these materials. The
comparison between observed and predicted values from layered theory shows
reasonable agreement. The strain values at the base of the layer are given

most accurately and these are the ones which are used in fatigue design.

SUMMARY

The discussion in this chapter indicates that for all practical purposes,
the use of linear elastic theory in pavement design gives solutions which are
accurate enough from a practical standpoint. Complexity of solutions has been
partially eliminated by the development of computers, making the use of the
theory more feasible. A rational design procedure can be established by the

use of stress and strain, which are calculated by this theory.
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CHAPTER 7. DEVELOPMENT OF DISTRESS MODELS

The term failure as applied in the design of many engineering structures
cannot be used for pavement systems. For example, a pavement could be con-~
sidered to have failed according to structural design standards, such as appear-
ance of cracks, but may still be capable of performing at a reduced level. A
pavement should be designed and evaluated in terms of the level of service or
performance it can provide. The categories of distress manifestations affect-
ing the performance of a pavement system were introduced in Chapter 3. 1In
this chapter, the distress index model for computing the pavement performance
is developed. |

There is a complex interrelationship between pavement component materials,
pavement behavior, and performance of the pavement. As defined in NCHRP 1-10
(Ref 78), behavior is the reaction or response of a pavement to load, environ-
ment, and other inputs. Performance is a measure of the accumulated service
provided by a facility and is a direct function of the history of the present
serviceability index of the pavement according to the AASHO concept of PSI,
as discussed in Appendix 7 of this report.

Distress mechanisms have been defined (Ref 78) as responses which lead
to some form of distress when carried to an extreme limit. Figure 3.1 gives
the three categories of pavement distress model which are limiting responses.
In general, the distress index (quantification of the limiting responses) is
expressed as some function of the measure of the limiting responses in space
and time, the limiting responses being the function of distress mechanism,
shown in Fig 3.l. When the distress index exceeds some acceptable level, the

pavement system is considered to have failed.

IDEAL DISTRESS INDEX MODEL
A conceptual distress index can be expressed as follows (Ref 78):
s

t
[c(x,s), S(x,s), D(x,s)x,t] (7.1)
o]

DI(x,t) =

il pr 0

S
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where

t =  time;

X = position vector of a point referred to a coordinate
system;

DI(x,t) = distress index, a matrix function of space and time;

C(x,t) = measure of fracture, a matrix function of space and
time;

S(x,t) = measure of distrotion, a matrix function of space and
time;

D(x,t) = measure of disintegration, a matrix function of space

and time.

The distress index is a function of the history of the variable shown
from time zero to current time t . In a systems framework, the parameters in
Eq 7.1 must be quantified from the input parameters. The three modes of dis-
tress may be expressed as a function of load, environment, counstruction, main=-

tenance, and structural variables in space and time.
For fracture:

C(x,t) is a function of load, enviromment, construction, maintenance,
and structural variables, space and time; (7.2)

For distortion:

S(x,t) is a function of load, environment, construction, maintenance,
and structural variables, space and time; (7.3)

For disintegration:

D(x,t) is a function of load, environment, construction, maintenance,
and structural variables, space and time. (7.4)
The substitution of Eqs 7.2, 7.3, and 7.4 for fracture, distortion, and
disintegration into Eq 7.1 gives a measure of a distress index. Based on the
riding quality, economics, and safety as required in particular circumstances,
acceptable limits to the distress index can be assigned. These limits define

the failure of the pavement, thus giving a criterion for pavement design.
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DEVELOPMENT OF DISTRESS INDEX MODEL

Development of an ideal distress index model is a complex problem; however,
the AASHO Road Test concept of present serviceability index is recognized as
the best to-date effort in this direction. The present serviceability index
equation developed in the AASHO Road Test (Ref 70) is a widely accepted statis-
tically derived regression equation which relates the distress manifestations
to the present level of service. It has been found that in the view of highway
users, the distress index can be very well explained and correlated in terms
of

(1) slope variance SV (Appendix 7), which can be related to disinte-

gration and distortion;

(2) rut depth RD , which can be related to distortion;

(3) area of cracking C per thousand square feet, which is related to
fracture; and

(4) area of patching P per thousand square feet, which is related to
fracture, disintegration, and distortion.
At the AASHO Road Test, these four factors were measured and the distress
index or PSI of the sections was calculated and defined according to the fol-

lowing equation for flexible pavements (Ref 70, Appendix F):

PSI = 5.0 - 1.9 log (1 + sV) - 1.375§52 - 0.014/C + P (7.5)

The pavement design models were developed statistically, correlating PSI
with axle load, repetitions of load, and the design variables (depths of vari-
ous layers).

A distress index curve is shown in Fig 7.1. An increase in load repeti-
tions will increase the distress in the pavement. The form of distress develop-
ment is shown by curves for distress indices for cracking ( DICI ), rut depth
( DIRD ), and roughness or slope variance ( DISV ). The cracking index curve
shows that although there is cracking at the beginning of Stage III, theoret-
ically actual distress in the pavement due to cracking starts at the beginning
of Stage II. Once the visible cracking starts at Stage III, this effect tends
to progress rapidly. The pavement has some roughness due to imperfect con-
struction even in the beginning, and the roughness increases further with the

number of load repetitions, as shown. The rut depth distress due to permanent
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Fig 7.1. Distress index curves for flexible pavements.



73

deformation in pavement layers will progress at a decreasing rate. The total
distress index curve, as shown, is the total effect of all three distress
indices.

= f(DISV, DI ) (7.6)

DIroraL rp’ ler

QUANTIFICATION OF DISTRESS INDEX MODEL

Examples of various distress mechanisms responsible for distress in pave-
ment are shown in Fig 3.1. For an ideal pavement system design model, all
possible distress mechanisms should be taken into consideration. However, for
a real-world situation, this is not always possible and a compromise, based on
the state-of-the-art, resources, and time, is necessary. Due to the limited
scope of the present analysis, a direct consideration of shrinkage and slippage
has not been possible. Because the AASHO Road Test was basically a fatigue
test of short duration with no apparent effects of swelling clays and major
temperature effects, these factors were not considered. The rupture distress
mechanism has been computed in terms of the cracking index CI , and distor-
tion in terms of slope variance SV is correlated to CI . Disintegration is
one other factor which is not being considered directly in the present analy-
sis,.

In the AASHO Road Test, cracking and patching were the measured limiting
responses. The measure of this response has been obtained theoretically in
this report, based on fatigue and stochastic principles. This has been defined
as the cracking index CI . Development of this model is explained in Chap=-
ter 8. The distress due to rut depth is represented as the rut depth index
RDI , and the model is developed in Chapter 9. The distress due to slope vari-
ance, which is the measure of variation of a roadway surface from a desirable
profile, is represented in the form of roughness index RI . The roughness
index model is detailed in Chapter 10. The verification of the models has
been performed with the AASHO Road Test data and is included in Chapter 11.

Based on the above discussion and the performance concept of the AASHO
Road Test, the present serviceability index of a flexible pavement can be
represented mainly as a function of the cracking index, roughness index, and

rut depth index at any time during the pavement performance. If the above
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three factors are known, an estimate of the pavement performance in terms of

PSI can be made.

Mathematically,
PSI = f(DI) = f£(CI, RI, RDI) (7.7)
where
PSI = present serviceability index,
CI = cracking index,
RI = roughness index, and
RDI = rut depth index.

The steps involved in the development of an actual distress index model
from Eq 7.7 are shown in a flow chart in Fig 7.2. This procedure requires the
availability of some performance data. Since the procedure developed in this
report utilizes the AASHO Road Test concept of performance, the present ser-
viceability index equation, Eq 7.5, is adopted for the distress index model

for the present analysis.

VERIFICATION OF DISTRESS INDEX MODELS

Because the distress manifestations CI , RI , and RDI are considered
a very good measure of overall distress, the need to express each as a function
of some measurable and well-established material behavior properties, pavement
components, load factors, and environment factors in a working model is appar-
ent. If such models are developed, then pavements can be designed rationally
and their performance predicted in any arbitrary set of conditions. In the
following chapters, such an effort is outlined and the development of the
models explained.

The AASHO Road Test is an excellent source of performance data to verify
the models developed in Chapters 8, 9, and 10, the measurements for which were
obtained under different conditions. Therefore, the AASHO data have been fully
utilized to verify the predicted performance curves of the developed models.
Because of the extent of the AASHO Road Test, verification and good reproduc-

tion of the AASHO data will give confidence in the use of the developed models.
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Verification of the distress index models developed in this report is detailed
in Chapter 11. A typical pavement performance curve is shown in Fig A7.,1 of
Appendix 7. An attempt has been made in this research to reproduce the ob-

served performance curves of the AASHO Road Test.



CHAPTER 8. DEVELOPMENT OF CRACKING INDEX MODEL

In this chapter, a model for predicting the cracking index (CI) is
developed, using the fatigue theory and Miner's hypothesis (Chapter 4), and

stochastic concepts.,

STOCHASTIC CONCEPTS APPLIED TO CRACKING INDEX IN FLEXIBLE PAVEMENTS

Generally, cracking in a pavement structure is considered to be a deter-
ministic phenomenon occurring when the stress is greater than the strength.
Both stress and strength in a pavement are subject to stochastic variations,
which can be approximated by a continuous normal distribution (Ref 116). The
fatigue phenomenon occurs in a pavement, following a predictable relationship
between repetition of a load, stress or strain, and material properties. The
modulus of elasticity and Poisson's ratio are subject to variations in both
space and time, and generally variations of these properties could be approxi-
mated by a normal distribution. Therefore, statistical methods and probability
theory are required to predict the amount of cracking or the cracking index.
In the present model, stochastic concepts for variations in the material prop-
erties are applied only to the space variation. The time variation is con-
sidered in terms of monthly variations. Fatigue life tests for asphaltic con-
crete must be made to determine the distribution of fatigue life. The mean
value and standard deviation of fatigue life and its relationship to induced
strains must be obtained. As already discussed in Chapter 4, fatigue life vari-
ations can be approximated by a log normal distribution. Since in fatigue life
(the number of stress repetitions N ), a log normal distribution is applicable,
it is reasonable to assume that the same is applicable to the ratio of actual
to theoretical stress applications % .

According to Miner 's hypothesis for no distress, the cumulative damage

must be less than one, as given by

t ]
?}E-J- 1.0 (8.1)
oo J
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where

the actual number of load applications of level j ,

=]
1

=2
[}

the number of load applications of level j which will cause
failure in simple loading.

Using these values in a statistical analysis, the probability p of distress
for cumulative damage being more than 1.0 in a given situation may be computed.
In the case of a given area of roadway, it may be said that approximately p
percent of the roadway area would experience cracking distress under the given

conditions (Refs 78 and 116). Thus, the cracking index is calculated as the
t]

probability of E:E:N exceeding one. This probability is represented by the

0o 3
area A beyond log 1.0 value of abcissa of a normal distribution curve, as

shown in Fig 8.1. The cracking index represents the distress in a pavement at

any time, in square feet of cracking per thousand square feet. Thus,

t ]
"
CI(x,t) = (zz N— .0) x 1000 (8.2)
00
where
t ] n_]
I( §T§1ﬁ—- > 1.0) = probability of total cumulative damage at
'6'6 j any time for all load groups being more than
one,

= area A (Fig 8.1).

Based on a normal distribution curve, this can be determined from the

following equations:

log (D)a = log (D)m + X log op (8.3)

and



Cl=1000 x A

t i log 1O
lo =L
qz()zo(Ni)m
. , . . t i N
Fig 8.1. Log normal distribution curve for ZOZOF
i

log Z

Fig 8,2, Asphaltic concrete fatigue curve.
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log (1.0) = 1log (D)m + KCI log o (8.4)

where

o e
P
=) 2
N~

t
(D)oz = total damage at a confidence level ¢ =/T
0

tj
4
(D)m = mean total damage = ZX( ﬁ—) ’
oo J ™

K = normal curve parameter corresponding to confidence level
a

9p = standard deviation for damage,

KCI = normal curve parameter for op corresponding to other
parameters in Eq 8.4,

t = time,

b4 = position vector of a point referred to in a coordinate

system.

From the computed values of other parameters, the value of log o, can

be calculated from Eq 8.3. Then, from Eq 8.4, KCI is computed. From the
normal tables, the corresponding probability, that is, the area under the
normal distribution curve A in Fig 8.1, is obtained. This area A when
multiplied by 1000 gives the cracking index.

In staitstical terms, the modulus values of various layers in a pavement
may be considered as random variables and can be treated as independent fac-
tors. With the special case of statistical independence, the probability of
the modulus values of several layers occurring simultaneously is equal to the

product of the probability of each occurring independently. Thus, the overall

probability is

o = T q, (8.5)
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where

o = the overall confidence level for modulus values in a pavement
structure,

a, = the confidence level of the modulus value in the ith layer,

£ = number of layers in a pavement structure.

The stress and strain caused by a wheel load in a pavement structure, due
to variation in modulus values and variation in the fatigue life of surface
layer materials, are considered as mutually exclusive. Thus, the probability
of the alternative events is equal to the sum of each occurring alone. The

overall probability in this case is given by

ap = a+ ooy (8.6)
where

Ay = total confidence level for damage or failure load repetitions,

o« = overall confidence defined by Eq 8.5,

ay = confidence level assumed for calculation of fatigue life,

QUANTIFICATION OF CRACKING INDEX

The cracking index is calculated for a particular pavement on the basis
of its structural components, expected traffic, the period for which the facil-
ity will be used, fatigue behavior, and stochastic variations in the material

properties. Mathematically, this can be represented as
CLGe,0) = 1[0, Gt)s e, - N (,0), m (6) ] 8.7)
where

0,60 = fE G0, w60, D60, W] 8.8)
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and

1
[ej - Nj(x.t)J = the asphaltic concrete fatigue curve (Fig 8.2).

From the equation of the asphaltic concrete fatigue curve, the mean fatigue

life at any time t 1is given by

B
_ 1
N () = A(———ej(t)> (8.9)
or
_ 1
log Nj(t) f log A + B log (;;?ES> (8.10)

Assuming that the asphaltic concrete fatigue life variation in space x at any

time t can be approximated by a log-normal distribution

log N(x,t) = log Nj(t) *+ X log ON (8.11)

Combining Eqs 8.10 and 8.11 for both space and time,

= 1 >+
log Nj(x.t) log A + B log (ej(t) t K log S (8.12)

where

CI = cracking index of the surface material, measured in square
feet per thousand square foot;

o. = stress in the surface material of level j , in psi
J units; ‘
ej = flexural tensile strain in the surface material of level

j , in inches per inch;

N, = the number of load applications of level j to cause
J failure;
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nj = the number of actual load applications of level j ;
= . th ,
Ei = elasgtic modulus of the i layer in a pavement structure,
in psi;
- . ' . .th A
Wy = DPoisson's ratio of the i layer in a pavement structure;
.th .
Di = depth of the 1 layer in a pavement structure;
Wj = applied wheel load of level j on the pavement structure;
A = constant of asphaltic concrete fatigue equation;
B8 = constant of asphaltic concrete fatigue equation;
K = normal distribution curve parameter;
Oy = standard deviation of fatigue curve;
(x,t) = function of space and time.

Modulus of Elasticity

For the elastic modulus values of the materials used in a pavement, the
time variation is considered in terms of monthly variations. As explained in
Chapter 5, the values of the modulus depend upon many factors and these values
vary with time. Actually, the smaller the time interval considered, the better
the simulation. However, to limit the computation work, a monthly variation

was considered reasonable for the development of the cracking index model

Ei(t) = {Eil’ Eiz, se 0y eos ey Eill, Eilz] (8.13)

where
. .th .
E]._1 = average elastic modulus value of the i layer material
for January,

average elastic modulus value of the ith layer material
for February, etc.

=1
]

i2

Typical variations in monthly modulus values for pavement layers of AASHO Road

Test sections are included in Chapter 5 and shown in Fig 8.3.
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For the space variation, it is assumed that the modulus values are
normally distributed and variation can be represented by a normal distribution
curve (Fig 8.3). The density function of such a distribution in space is given

by
-_— 2
-(E; - Ei)

1 Ei

Ogi 20

(8.14)

i
.
)

f(Ei)

and, based on Eq 8.14, the value of elastic modulus in space Ei(x) is given

by

E,(x) = El e -~ (8.15)
where

Ei = arithmatic mean of the distribution,

OEi = standard deviation of modulus values,

m = constant, and

e = constant.

To combine space and time variations, the final value of the modulus in

both space and time is given by

Ei(x,t) = Eit + K e Opit (8.16)

Poisson's Ratio

In a sensitivity study, Buttler (Ref 15) found that magnitudes of the
strain values in the surface layer calculated by the layered program are not
significantly affected by variations in the Poisson's ratio. Therefore, this

parameter is taken as a constant for each material in these developments.

ui(x,t) = by (8.17)
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Laver Thickness

In a real-world situation, the thickness of any layer varies in both space
and time. With the best construction control, small variations in thicknesses
in space cannot be avoided. The load, environment, and variation in material
properties can cause variation in this parametér with time., However, the varia-
tions in the layer thickness are not considered of much significance in these

developments. Therefore,

Di(x,t) = Di (8.18)

where

Di = thickness of the ith layer.

Applied Load

The effect of different wheel loads is considered by summation of the

damage caused by each load group in Miner's hypothesis.

PROCEDURE FOR MODELING THE CRACKING INDEX

The flow chart for modeling the cracking index in a typical pavement

structure (Fig 8.4) is shown in Fig 8.5. The various steps required are

(1) From the given monthly values of Ei s O , and the assumed con-

Ei
fidence level a s calculate the Ei(x,t) values of materials with
Eq 8.16.

(2) Use the layered program and input Ei(x,t) from step 1 and by o

axle load, tire pressure, and layer thicknesses to compute the tan-
gential strains at the bottom of the surface layer.

(3) Calculate the overall confidence level ¢ from Eq 8.5.

(4) From Eqs 8.10 and 8.11, calculate the theoretical values of N, ,
both the mean and at some confidence level, considered. J

(5) Calculate the overall confidence level for damage from Eq 8.6.
td o,
(6) From the given values of ny o calculate cumulative damage E: ﬁl

oo
for each month and for each load group. In the process, the mean,
as well as the value at a certain confidence level, have been
calculated.
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(7) Calculate the cracking index, as discussed earlier, from Eqs 8.2,
8.3, and 8.4.

COMPUTER PROGRAM

As can be seen, it is difficult to make all the necessary calculations
by hand. Therefore, a computer program was developed to calcuiate the final
cumulative cracking index values every month. The flow chart of the computer
program is shown in Fig A4.1. The computer program follows the steps shown in
Fig 8.5 in calculating the cracking index in a pavement structure. The input
to the program consists of the parameters listed in the boxes on the left-
hand side of this figure. The middle boxes show the sequence of the output
based on the c¢riteria in the right-hand boxes and the corresponding input.
This computer program is written for the CDC 6600 computer in FORTRAN language.
This computer program can be used directly for the design of flexible pave-
ments and can also be included in the pavement system design computer program
previously developed for the Texas Highway Department. However, efforts to

make this computer program more efficient should continue.



CHAPTER 9. DEVELOPMENT OF RUT DEPTH INDEX MODEL

In this chapter, a model for predicting the rut depth index is presented.
The vertical and radial stresses in a pavement system are computed from the
layered analysis. The repeated load-deformation characteristics of the mate-
rials under triaxial testing are used. The rut depth may be represented as a
permanent portion of the total deformation in a pavement structure due to repe-
tition of loads. The deformation computations are made on the basis of mean
values of the parameters, without considering the stochastic variations in

space.

QUANTIFICATION OF RUT DEPTH INDEX MODEL

Figure 9.1 outlines the procedure developed to compute rut depth in a
pavement structure. The rut depth is calculated in terms of permanent deform-
ation in different layers due to repeated loading. The vertical deformation
in an asphaltic concrete layer is very small relative to other layers and thus
is not considered. The total deformation consists of the sum of the deform-
ations in all the layers below the surface layer. Mathematically, rut depth

in the pavement is represented as:

Rut depth RD(t) = f[Oij(t), (e - n)i, nj(t)J (9.1)
where
0y;(®) = B (0, uy(®), D), W] s 9.2)
(t) = function of time;
. .. . .th
Gij = vertical and confining stresses in the i layer due

to applied load Wj , in psi;
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nj = number of load applications of level j ;
= . ' . .th
by = Poisgson's ratio of the 1 layer;
_ , . th . .
Ei = elastic modulus of the i layer, in psi;
~ .th ..
Di = depths of the 1 layer, in inches;
(e - n)i = repeated load deformation curve for the ith layer;
. L. . th
€ = permanent vertical strain in the i layer.

Load Deformation Curves

In triaxial loading, the permanent deformation of a particular layer
depends upon the number of load repetitions and vertical and confining stresses.
Load deformation curves and regression equations developed from these curves,
required to calculate the permanent deformation in various layers, were dis-
cussed in Chapter 5. These curves and regression equations give an estimate
of the permanent strain and deformation in each layer in terms of vertical

stress, confining stress, and number of stress repetitions.

Vertical and Confining Stresses

Vertical and confining stresses are considered in two catagories:

(1) Those due to wheel load, for which stresses are calculated from the
layered program. The means of the stresses at the bottom and of
those at the top of each layer represent the vertical and confining
stresses due to wheel load.

(2) Those due to overburden, for which stresses in each layer are calcu-
lated as follows:

Effective Height Effective Weight
of Overburden of Overburden
Layer hi’ inches Ydi’ pci
Base D, + D,/2 l—(y X D, + vy, X 0.5D,)
1 2 hi“'AC 1 B T2
1
Subbase D, +D, + D3/2 T Mac X Dp + Vg X D, + Ygg X 0.5 x Dy)

1
Subgrade D1 + D2 + D3 hi(YAC X D1 + YB X D, + YSB X D3)
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OizoB
where
OiroB

OizoB

Yai
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Yqi ° h, - 1 <o (9.3)

Yqi ° h, 9.4)

= unit weight of asphalt concrete, base, etc., pci;

. . . th
= radial stresses due to overburden in the 1 layer,
psi;

. , . th
= vertical stresses due to overburden in the i layer,
psi;

. . .t
= Poisson's ratio of the i h layer;

= effective weight of overburden, pci.

Final stresses to compute the deformation in each layer are obtained

from the following equations:

ir

iz

where

ir

iz
C.

ird

izg

[e) (9.5)

. + o.
izoB Oirs

+ o, (9.6)

izoB izf

. . . th :
total radial stress in the 1 layer, psi;

: . .th ,
total vertical stress in the 1 layer, psi;

. X . th
mean radial stress in the 1 layer due to wheel load,
psi;

. . . th
mean vertical stress in the i layer due to wheel load,
psi.
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Elastic Modulus

Elastic modulus for each layer is considered monthly; i.e.,

9.7)

. _ 7
Ef(t) = f[E;;, Ejps voes Eppgs By ]

where
= .th
Eil = average modulus value of the i layer for January,

average modulus value of the ith layer for February, etc.

=1
li

i2

Applied Wheel Load

For various load groups, equivalent repetitions in terms of one single
load group can be calculated as portrayed in Fig 9.2. Chan (Ref 20) found a
linear relationship for total strain versus the log of the number of repeti-
tions for several sands and gravel. Therefore, a straight-line relationship
between the cumulative permanent strain € and the logarithm of the number of
load repetitions log N for materials of various pavement layers, other than
the surface asphaltic concrete layer, is assumed. However, similar computa-
tions can be made if the straight-line relation is different from the assumed
one. The equivalent repetitions are calculated in terms of the heaviest load
group to give the least error in this computation. It is also assumed that
load group h 1is the heaviest load group. For equivalent permanent strain

(Fig 9.2),

log Ni B log ny

€, - ey (9.8)

or

N, = 10.0 (9.9)

Total equivalent repetitions in terms of h load group, say Nht , 1s given

by



Permonent Cumulative Strain % €

b S — ———— d—y  V—. s—

@Ii ‘545::1!
o, log n;

d
¢ log Ni L Log N (Load Rapetition) — =

P log ny,
7/

€,

Note: The number on the curves represents the load group.

Fig 9.2. Development of equivalent load repetitions for one load group
in terms of other load group.

95



96

Nht = N1 + N2 + 0. + Nh = Lyi (9.10)

Combining Eqs 9.9 and 9.10,

log m X €\

_© R
Ne = ) 10.0 (9.11)
where
N = equivalent number of load repetitions of load group of level

i in terms of heaviest load group h ,

n, = actual load repetitions of load group of level i ,

Nht = total equivalent load repetitions in terms of heaviest load
group,

e; = total permanent strain corresponding to load group n, .

Permanent Strain in a Particular Month

Due to monthly variation in the material properties, the same load group
creates different stress conditions in each layer each month. To find the
cumulative deformation in each layer in a particular month, the net permanent
strain caused by a particular load group in that month is required. This per-
manent strain in each layer, in percent inches per inch, is obtained from the
difference of the permanent strain corresponding to the number of load repeti-

tions at the beginning and at the end of that month.

e, (t)

ip eiE(t) - eiB(t) (9.12)

where

. . th t
net permanent strain in the i layer for the t h

month;

e. (t)
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eiB(t) = permanent strain in the ith layer for the tth month
and at the beginning of that month;

]

e, (t)

same as ¢€,_(t) , but at the end of the month.
iE iB

Permanent Deformation

The permanent deformation for each month in the pavement is calculated as

= 1
A (E) = eip(t) D. * 100 (9.13)
£
BE) = ) b (8) (9.14)
i=1
where
= . . . th th
Ai(t) = permanent deformation in the i layer and t month,

in inches;

A(t) = permanent deformation in the whole pavement structure in
th L
the t month, in inches;
£ = number of layers.

Cumulative Deformation or Rut Depth

The rut depth in a particular month is represented by the cumulative
deformation of the pavement structure from the beginning of the pavement facil-

ity to the end of that month. Mathematically, the rut depth is given by:

RD(t) = ) A(t) (9.15)

Ol\/jrr

Therefore, knowing the monthly deformations A(t) , the rut depth is calculated
by Eq 9.15.
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PROCEDURE TO COMPUTE THE RUT DEPTH
The steps in the calculation of rut depth, shown in Fig 9.1, are

(1) From the axle load, modulus of elasticity of various layers, tire
pressure, Poisson's ratio, and thickness of layers, compute the ver-
tical and radial confining stresses at the top and bottom of each
layer.

(2) Compute the total radial and vertical stresses in each layer due to
overburden and wheel load from Eqs 9.5 and 9.6.

(3) Input the repeated load deformation curves obtained from the field
for each layer except for the asphaltic concrete surface layer.
Regression equations used in the computer program are developed in
Chapter 5 from the repeated load-deformation data (Eqs 5.3, 5.4, and
5.5). Compute permanent strain corresponding to stress conditions
and number of load repetitions at the beginning and end of each
month for each load group.

(4) Calculate the equivalent repetitions in terms of the single heaviest
load group, using Eq 9.9.

(5) Again compute the permanent strain from the regression equations at
the beginning and end of each month (as in item 3), but only for
the heaviest load group for the equivalent number of repetitions
calculated in item 4.

(6) For each month, the permanent strain in each layer is calculated
from the difference of the strain values corresponding to the num-
ber of load repetitions at the beginning and end of that month from
Eq 9.12.

(7) From the permanent strain in each layer for each month, the total
permanent deformation in the individual layers and for the whole
pavement for each month is calculated with Eqs 9.13 and 9.14,

(8) Finally, cumulative deformation for each month, representing the rut
depth in the pavement is calculated by Eq 9.15.

COMPUTER PROGRAM

The whole procedure for computing the expected rut depth is too lengthy
to handle‘by hand calculations. Therefore, a computer program has been written
which solves all the above mentioned steps and computes the values of the ex-
pected rut depth. To reduce the work of the designer, this part of the computer
program is combined with the program developed for calculation of the cracking
index in Chapter 8. The program has the alternative that either or both crack-
ing index and rut depth values can be computed. Because most of the input
data for calculation of rut depth and the cracking index are common to the

combined program, manual as well as computer time is saved in solving a problem.
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Moreover, this one computer program is easier to include in the existing
flexible pavement system computer program. At present, the model does not
consider the stochastic variations in space. This may be done at the time of
detailed stochastic studies of various variables in the present flexible pave-
ment system.

As indicated in Chapter 8, the computer program, flow chart, input guide,

and sample input and output are enclosed in Appendix 4.



CHAPTER 10. DEVELOPMENT OF ROUGHNESS INDEX MODEL

In this chapter, a model for quantification of roughness index is
developed. 1t is hypothesized that the trend in the cracking index is a good
indicator of the trend in the roughness index, and a correlation is established
between the cracking index and the roughness index. Thus, a model is pre-
sented for roughness index in terms of axle load, number of axles, depth of

pavement layer, and cracking index.

THEORY

Cracking in an asphalt surface has long been used as a direct indication
of a structural inadequacy somewhere in a pavement system, and cracking was
used as the principal criterion of pavement failure at the WASHO Road Test
(Ref 74). Cracking and patching were found to be of only minor significance
in the performance model of a pavement at the AASHO Road Test (Ref 70), but
that does not mean cracking is of minor structural importance. By the time
fatigue cracking due to repeated loading has progressed enough to greatly
impair the riding quality of a pavement, the pavement becomes very rough in
terms of slope variance, and the slope variance or roughness index in the
AASHO Road Test represented most of the detrimental effects of cracking
(Ref 139). It can be assumed that fatigue cracking due to repeated loading
is a good indicator of the roughness caused due to fatigue loading. Thus, a
good correlation exists between the cracking index and the roughness index.
The following comments of NCHRP Project 39 (Ref 42) support the above hypothe-
sis very well:

~ "Careful examination of the criterion and the basic measure-

ments tends to indicate that a significant amount of the drop in

riding quality must have been due to the longitudinal roughness

associated with fatigue cracking."

A mathematical correlation between the roughness index, in terms of the

cracking index, and pavement structural elements is hypothesized as:

100
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r

RIGe,®) = f CIGx,0), D, Wy, Lj] (10.1)
where

RI = roughness index,

CI = cracking index,

(x,t) = function of space and time,

_ . .th .

Di = thickness of the i layer in a pavement,

Wj = axle load in kips of level j ,

Lj = gingle or tandem axle of the load j .

In correlating slope variance and cracking-patching from observed data,
it seems that each has a direct relationship with the number of repetitions
of a particular load (Ref 139). Figure 10.1 shows a typical example of such
a relationship. The relationship between cracking-patching and slope variance,
depending upon the various values for structural elements of the pavement and

the load, can be represented by the following equation,

SV = A 4+ B./CP (10.2)

The values of A and B will depend upon the pavement structural element and

load group, or

A = f(Ci, Di’ Wj, Lj) (10.3)

B = f(Ci, D, , wj, LJ,) (10.4)
where

SV = slope variance,

cP measured crack-patching,
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10004

(C+P)
or
Cl

Time or Load Repetitions

SV'

Svo = Initial Value of the Slope Variance
Svy = Slope Variance at any Time t
C+P = Cracking and Patching

CI = Cracking Index

0
Time or Lood Repetitions

Fig 10,1. Typical example of relationship between cracking-patching,
slope variance and number of load repetitions of a particular load.
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Ci = some coefficient to show the relative importance of various
layers in a pavement.

and SV 1is given by
RI = 1log (1 + 8SV) (10.5)

Based on the above hypothesis (Eqs 10.1 and 10.2), AASHO Road Test data
are analyzed later in this chapter to obtain a correlation between the roughness
index based on measured values and cracking-patching. Only the load-associated
distress is considered in the work reported here and thus, the AASHO Road Test
data are used because they are primarily fatigue load data, with no significant
effects of nonload-associated distress. The procedure and steps involved for
the above analysis are shown in Fig 10.2. Through the regression analysis
(Ref 18), trying various functions, a suitable model is obtained for a correla-
tion between the dependent variable slope variance (to be predicted) and inde-

pendent variables, cracking-patching, layer thicknesses, etc. (known).

QUANTIFICATION OF ROUGHNESS INDEX

Two approaches to quantification of the roughness index are discussed in

this section, one based on literature and one on regression analysis,

Quantification Based on Literature

A literature review shows that the quantification of a roughness index is
possible from the available information on AASHO Road Test results. The re=-
sults of an analysis of AASHO Road Test data by the Asphalt Institute (Ref 139)

include equations of the following forms:

"/SVt = -,/SVo +bNt (10.6)

R = b, (10.7)

Jcp = bNt (10.8)
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RI(x,1)= £[C1 (x,1),0,,%,, L]

START
CP.RI IgPl\JﬂT L Regression Analysis
s Wik B Transgeneration of Functions
{AASHO Data) ¢ °

Y
] Regression Eq }

Unsatistactory R2 &
Standord Error

Satisfactory R* &
Standord Error

Y

Final Ri,
V/S,Ct Corrslation

Fig 10.2, Flow chart for quantification of roughness index.
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where

SV. = sglope variance at any time ¢t ,

£
SVO = glope variance of the pavement at the time of construction,
b = rate of deteriloration,
Nt = accumulated load applications to time ¢t ,
RD = rut depth.

The rate of deterioration b was shown to depend on the thicknesses and struc-

cural coefficients of different layers, subgrade strength, and load parameter:

log b = a + aiDi + 32D3 + aQL + aGWP (10.9)

where

ao‘ al, etc. = constants representing some structural coefficient
and depending upon the strength properties of pave-~
ment layers,

factor representing axle load group,

]

L

factor for outer or inner wheel path.

it

WP

Painter also obtained some numerical correlations for Eqs 10.6 to 10.9.

Based on his work, the correlation between cracking-patching is

D1 + 0.284D2 + 0.228D3 = 9.403 + 2.931 log wlS

- 1.466 log CP + log F (10.10)

and slope variance is
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D, + 0.313D2 + 0.2D, = 7.412 + 3,477 log W

1 3 18
- 3.477 log (~/SV -J§Tr;) + log F (10.11)
where
W18 = millions of accumulated load applications of 18-kips load,
F = climate factor.

Combining Eqs 10.10 and 10,11 to eliminate log W and combining terms gives

18
Log (+/SV - \/SVO) = 0.053D1 + 0.007D2 + 0.0201D3
- 1.075 - 0.053 log F + 0.5 log (CP) (10.12)

In the Painter's analysis, the average value for F was found to be 4.0.

Eliminating log F between Eqs 10,10 and 10.11:

0.029D2 - 0.028D3 = =-1,991 + 0.546 log W18
- 3.477 log (+/SV - -\/SVO) + 1.466 log (CP) (10.13)

Thus, Eqs 10.12 and 10.13 can be used for predicting the slope variance from
the known value of cracking-patching, thickness of pavement layers, and equiva-

lent 18-kip load applications.

Quantification Based on Regression Analysis

In Eqs 10.10 and 10.11, the loads were converted to single-axle 18-kip
equivalents (based on values in Ref 139, Table 3, and page 26); hence, no terms
for load and number of axles appear in Eq 10.12. However, based on the discus-
sion earlier in this chapter and Painter's analysis, a general relationship

between roughness index and cracking-patching would be expected to be
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log (L + /SV - JTVO) = A +AD +AD, +AD,
+ A5W + A6L + A7 log (1 + CP) (10.14)
where
Al’ Az; etc. = constants of the regression equation,
SV = slope variance at any value of cracking-patching (CP) ,
SV0 = 1initial slope variance of the pavement.

Using data for various AASHO Road Test sections (Table 10.1), a regression
analysis was conducted. The data consist of representative sections, consti-
tuting various observations for the analysis which could be performed within a
reasonable time and efforts under the scope of the project. The data for the
analysis represent various loops, load groups, and combinations of thicknesses
of various layers of the AASHO Road Test sections. In this analysis, computer
program STEP-01 (Ref 18) was used. Input and output of the computer program,
used for the regression analysis, are given in Appendix A4.5. Results of this
analysis are consolidated in Table 10.2, On the basis of regression analyses
alone, one term, [1og a + CP)]2 s 1a€a, first step, had a correlation coeffi-
cient R2 of 0.9289 and should be considered best for the proposed correlation
between cracking-patching and slope variance for interpolation of results
within the data analyzed, because the additional terms did not improve the
value of the correlation coefficient or standard error of residual. However,
from the engineering point of view, based on the earlier discussions (Eq 10.14),
and for extrapolation of results from the available information, the inclusion
of other terms in the correlation may be considered desirable. During the
analyses of data, it was also seen that the first step in the regression analy-
sis produced seven points which are more than twice the standard error away
from the desired value, as against four points in the case of the eighth step.
Also, the highest error of prediction is lower in step 8 in comparison to
step 1. Addition of a few terms in case of computation by computers does not

involve any significant difference in time or labor. Moreover, during the
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TABLE 10.2. RESULT OF REGRESSION ANALYSIS FOR CRACKING-PATCHING

(cp)

VERSUS ROUGHNESS INDEX (RI)

Step
Number

Variables

Residuals

Constt.
SQLCP

Constt.
LCP
SQLCP

Constt.
LCP

D,
SQLCP
Constt.
LCP

D
L
SQLCP

2

Constt.
LCP

D
W
L
SQLCP

2

Constt.
LCP

0.0680

0.0671

0.0669

0.0670

0.0665

0.0668

0.9638

0.9651

0.9657

0.9660

0.9669

0.9669

0.9289

0.9315

0.9325

0.9332

0.9348

0.9350

{(Continued)
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Step
Number

Variables

Residuals

Constt.
ILCP

1
2
3

- ¥ O U o

SQLCP

Constt.
LCP

H ¥ U O o

CBLCP
SQLCP

0.0670

0.0674

0.9671

0.9692

0.9353

0.9354

INDEPENDENT VARIABLES

LCP

=] w]
[ W) n? =

SQLCP
CBLCP

Log (1L + CP)

Depth of A. concrete
Depth of base

Depth of subbase
Axle load

1. For single axle
2. TFor tandum axle

fLog (1 + CP)]2
[Log (1 + CP)]3

DEPENDENT VARIABLES
Arctan.
When:

SVi =

SVo =

Log (1 +JsTi - V5V )

Slope variance at
any time

Initial slope
variance
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analysis, it was observed that at the higher values of cracking index, the
values of the roughness index often tended to give results relatively lower

than the observed values. Therefore, the term [log (1 + CP)]3 was also
retained in the equation to help in predicting values closer to the actual
values. Finally, Eq 10.15, which corresponds to step 8 in the regression pro-
gram (Table 10.2), is adopted for the present anaiysis.

Arctan log (1 + -\/SVi - «/SVO) = -0.09136 + 0.09108 log (1 + CP)

+ 0.02445 [1log (1 + c2)1% + 0.00778 [1og (1 + )13

+ 0.00837D1 + 0.00458D2 + 0.00175D3 - 0.00386W

+ 0.08325L (10.15)

This regression correlation, developed on the 95 observed points, has nine
coefficients with a correlation coefficient R2 of 0.9354. For a mean value
of 0.37 of the dependent variable, the standard error of the residuals is
0.0674 (coefficient of variation 18 percent), in comparison to the standard
deviation in the variability of the SD Profilometer measurement of 0.0644 for
assumed SVo equal to one (Ref 155). Values of dependent variables in the analy-
sis range from 0.0 to 1.0. The comparison of the predicted values from this
model and the measured values from the AASHO Road Test is discussed in Chap-

ter 11.

The AASHO Road Test measure of cracking-patching is theoretically obtained
from the cracking index model and is defined as the cracking index, as ex-
plained in Chapter 8. Thus, for the performance calculation in the present
report, the cracking-patching term in Eq 10.15 is replaced by the cracking

index CI .

SELECTION OF MODEL

Equation 10.13 is given in terms of only equivalent 18-kip load group

and is not suitable for the proposed design procedure which considers all load

groups individually.
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Figure 10.3 compares the actual data points with the predictions made by
the equation obtained from Painter's analysis (Eq 10.12) and the regression
model (Eq 10.15). Equations derived from literature (Eqs 10.12 and 10.13) are
indeterminate at the zero value of CP . The regression model (Eq 10.15) pre-
dicts a mean value of log (1 + \/E— - \/EV;) as 0,52, while Eq 10.12 predicts
0.514 against the actual mean value of 0.525. The standard error of residuals
for regression model (Eq 10.15) is found to be 0.09 against 0.138 for Eq 10.12.
Thus, the regression model is seen to predict the points more accurately and
is determinate at all values of cracking-patching.

Verification of the roughness index values predicted by the regression
model also shows good agreement with observed values, as further discussed in
Chapter 11. Moreover, the equations (Eq 10.12 and 10.13) developed from
Painter's analysis are obtained by an indirect relationship (Eqs 10.10 and
10.11) and may not be considered accurate.

The proposed regression model is generalized for various load groups and
number of axles, and the correlation between cracking-patching and roughness
index is derived directly from AASHO Road Test data. Thus, for the analysis

presented here, the regression model represented by Eq 10.15 was adopted.

PROCEDURE FOR COMPUTATION OF ROUGHNESS INDEX

The procedure for calculating the roughness index for any pavement section
is:
(1) Calculate the cracking index values as detailed in Chapter 8.

(2) Based on engineering experience, assume certain values for the ini-
tial slope variance ( SVo ) expected in a planned pavement. Initial

values of slope variance, depending on the type of construction,
generally vary from 1.0 to 3.0.

(3) Using the known values of pavement layer thickness, axle load, num-
ber of axles, and computed cracking index obtain the slope variance
with Eq 10.15.

(4) Substitute the value of slope variance into Eq 10.5 to obtain the
roughness index.

COMPUTER PROGRAM

The model selected for the roughness index contains several terms, and

making the necessary calculations by hand is very time consuming. Moreover,
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the whole procedure of pavement design developed here is to be included in an
existing flexible pavement systems computer program. A computer program for
the calculation of the cracking index and rut depth index has been developed,
as explained in Chapters 8 and 9. A computer program for calculation of the
roughness index has also been developed and is included in Appendix 4. This
computer program, for the roughness index also calculates the present service-
ability index. The input consistg of the cracking index, rut depth index,
pavement layer thicknesses, axle load, number of axles, and initial slope

variance. A typical output is included in Appendix 4.



CHAPTER 11. VERIFICATION OF DISTRESS MODELS

The purpose of this chapter is to verify the distress index models which
were developed in Chapters 7 through 10. This chapter is divided into four
parts, each of which provides details of verification of one of the models
developed for cracking index, slope variance, rut depth, and PSI with the
AASHO Road Test data. The AASHO Road Test sections which are compared are
shown in Fig 11.1. These 28 sections were selected based on the following

criteria:

(1) to represent various load groups;
(2) to represent various loops;
(3) to represent various combinations of layer thicknesses;
(4) to represent some sections without base and some without subbase;
(5) considering the reasonable time to be spent, scope of the project,
computer time involved in solving problems, and money involved con-
sistent with the accuracy desired and obtained.
All 28 sections were carried over for all distress models. Overdesigned
sections such as 763 were avoided in this selection because these were not of
much value for comparison. Sections of loop 1 were not considered because

this loop did not carry any load.

CRACKING INDEX MODEL

The detailed development of this model was discussed in Chapter 8.
Figure 11.2 compares the calculated cracking index and actual measured values
of cracking-patching of six AASHO Road Test sections. This comparison for the

other 22 sections is included in Appendix 8 (Figs A8.1 through A8.18).

Computation of Cracking Index

In computing the cracking index values, the material properties charac-
terized in Chapter 5 are used. Tables 5.2, 5.3, and 5.8 show the adopted
monthly values of elastic modulus. The actual monthly traffic data of AASHO

Road Test (Ref 70) and the computer program procedure detailed in Chapter 8
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to calculate the cracking index are used in these computations. Typical
computer computations are shown in Appendix 4. The observed field values of
cracking-patching are from the AASHO Road Test performance record for each
test section (Ref 70). Typical performance records for a few sections are
included in Appendix 5. The observed and computed values thus obtained are
plotted and compared. For 2-kip axle loads (Figs A8.1 through A8.3) on loop 2
of the AASHO Road Test sections, the results based on the above mentioned

material properties were quite conservative, for the following reasons:

(1) Small loads and low tire pressures resulted in a lower effective
tire radius, which, for the same speed, gives a loading time that is
about 50 percent of the average for all axle loads. The lower load-
ing time can give asphalt concrete stiffness values for 2-kip axle
loads that are up to 25 percent more than the stiffness values for
higher loads. Moreover, a lower time of loading will increase the
fatigue life of the pavement.

(2) The test results for the AASHO Road Test sections indicate that the
outer wheel path generally showed more distress than the inner wheel
path, but for lane 1 of loop 2 in many cases, and especially the
sections under consideration, the inner wheel path showed more dis-
tress than the outer wheel path.

(3) Report 5 of the AASHO Road Test (Ref 70) shows that lane 1 of loop 2
always behaved differently from other loops; in most cases, when
other lanes showed good correlation with certain parameters, lane 1
was dropped from consideration. In some cases the correlations were
based on a minimum asphalt concrete thickness of 2 inches, which
excluded quite a few sections of loop 2 (Ref 70, pp 37, 38, 40, 41,
42, 43, 60, and 66).

In view of the above, the cracking index values for 2-kip axle loads in loop 2
were recomputed with revised stiffness modulus and fatigue characteristics for
asphalt concrete. The cracking index values thus calculated are plotted in

Figs A8.1 through A8.3.

Comparison of Computed and Field Cracking Distress

A study of the comparison of observed and computed cracking index shows
that most of the plots agree well, but in a few cases the calculated values are
different than the observed values.

The reasons are not known, but even the replicate sections in the AASHO
Road Test did not show the same cracking-patching history. Therefore, it can
be expected that observed values of cracking-patching will deviate from any
calculated with a theoretical model. A model that resulted in residual errors

that averaged about the same as the deviations of the replicate observations
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would be satisfactory. These replicate sections showed differences of up to
450 square feet per 1000 square feet in the cracking-patching measurements for
the same month, Furthermore, for Sections 307 and 305 (Fig A8.16), there was
a year's difference in failure, i.e., Section 305 had a failure pattern similar
to that for 307, but it was one year sooner.

In comparing results, consideration must be given to the overall trends
and quality of the plots, as specific points may differ for various reasons
at different times.

Based on this criteria for expected variation and engineering judgment,
for comparison and explanation, the plots of observed and computed cracking
index (Figs 11.2 and A8.1 through A8.18) were divided into three categories as

follows:

(1) Good fit. Calculated and observed plots match very closely. The
y y
plots have similar shapes and differences at any one point are
seldom reach more than 300 square feet.

(2) Medium fit. Calculated and observed plots do not fit well, but the
differences can be explained and do not affect the predicted pave-
ment performance significantly. The difference, however, in a few
cases may reach 450 square feet or more. This difference of 450
square feet in a particular month is equivalent to a difference of
0.21 in PST which is not of much significance.

(3) Poor fit. Calculated and observed plots have considerable differ-
ences. Some of them may be explained; some are due to random varia-
tions.

The number of sections in each category is

(1) Good fit - 20
(2) Medium fit - 5
(3) Poor fit - 3

Thus, plots for more than 70 percent of the sections under study fit well.
Results were good for all the sections in the 12-kip loop 3 group. In addi-
tion, other explanations given below show that the cracking index model gives
very good results. TFor extreme conditions of loading and thickness, some
deviation can be expected, but this is a normal statistical characteristic and

is acceptable.

Discussion of Comparison

The comparison of observed and calculated values of cracking index
and the above discussion shows that general discrepancies observed in the re-

sults for loop 2 may be resolved by proper material characterization. The



120

following discussion for all loops explains some apparent differences that

are due to time phase and measurement discrepancies; some other differences

can also be explained and discrepancies resolved as discussed hereafter. Only

a few sections actually have notable differences between actual and predicted

values.

(D

(2)

(3)

(4)

(5)

(6)

(7)

If for some reason a failure in the field did not occur one spring
season, the whole cycle is likely to be shifted in the actual pave-
ment sections in the field (Fig A8.16). 1In this case, the shape of
the distress envelopes is the same, but the time phase difference
will be apparent. Since the theoretical model does not consider
this contingency, differences between field and computed values can
arise in several cases. Figures A8.4, A8.11, A8.16, and A8.17 are
examples of this situation. At first glance it may appear that the
observed and calculated values are very different but a careful
study shows that if the time phase shift may be considered, the
values are in close agreement. Therefore, the sections put in the
categories of poor or medium fit in fact had good fit, and confi-
dence in the developed model is improved.

In several cases not enough points are available to show the actual
trend (Figs A8.10, A8.13, and A8.14).

Monthly average variations in the modulus values were considered, in
accordance with the procedure developed, but shorter periods might
give closer results.

Material characterization is a very important factor. Any discrep-
ancy in the characterization of material properties can cause dif-
ferences in the results. 1In this study the materials were charac-
terized on an average basis not for specific sectionms.

During hot months the rate of crack propagation is slow; the asphal-
tic concrete becomes softer and the cracks become temporarily
invisible. Therefore, during these months inaccuracy in the measure-
ments of observed data could occur and more discrepancy is likely to
show up between calculated and observed values. 1In Section 305

(Fig A8.16) observed values decreased instead of increasing, which
was not as expected. Moreover, during hot months, due to lower
stiffness values, higher strains are expected; these may appear in
the extreme end of the fatigue curve and show more distress, accord-
ing to the design criteria, than actually happened and was observed.
The sections in these periods may tend to behave under constant
strain rather than constant stress conditions (assumed), making the
calculated values more conservative. These facts are apparent from
many sections (Figs A8.4, A8.11, A8.15, A8.16, and A8.17).

The daily temperature cycling and other environmental effects when
taken into account will also tend to give more realistic and better

trends in all cases.

Once the surface has distressed to some extent, impact and regenera-
ted or progressive added distress effects may also influence the
pavement condition. This result may be different for different axle
loads.
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(8) The slope of the fatigue curve may vary slightly for different axle
load groups and temperature conditions, since the response of
asphaltic concrete may be affected to some extent by time of loading
and temperature. In this study average characteristics are assumed.
Thus, the results for load groups other than 12 kips show compara-
tively more variation.

(9) From the discussion in Chapter 4, it appears that in thinner sections
controlled-strain is more suitable. Therefore, for thinner sections
the constant stress assumption is likely to give conservative results
(Figs A8.1 through A8.4).

(10) Some of the unexplainable differences may be due to random statis-
tical behavior of the test sections, especially extremely thin sec-
tions with small loads, for which extreme values of strain may show
even more variation in fatigue curve and in which statistically more
variation is expected.

The following comments from NCHRP Report 35 (Ref 164) support the use of

the procedure explained herein.

"It has been shown that tensile strains of a magnitude sufficient to
initiate fatigue cracks occur on the road surface and theoretical consid-
erations of a layered system indicate that even greater tensile strains
occur on the under side of the top layers. These tensile strains will be
a maximum when the overall stiffness of the entire structure is a minimum.
The stiffness of bituminous materials is dependent on temperature and the
critical condition is therefore likely to arise at high temperatures
during the summer months.

However, the fatigue tests at high temperatures show that although
cracks initiate under these conditions, they propagate only slowly due to
the lower stress, and thus failure will not necessarily be apparent at
this time. But once the temperature falls and the stiffness of the bitum-
inous layers increases, there will be an increase in the stress, particu-
larly at the tip of the crack, owing to stress concentration effect. This
will result in more rapid propagation of any fatigue cracks under winter
conditions, but again it will not necessarily lead to failure owing to
the freezing of the subbase and subgrade and the resultant increase in
strength. During the thaw period, however, the fact that the surface
layers are cracked increases greatly the likelihood of pavement deteriora-
tion from penetration of water and consequent local subgrade failure."

Summary

From the above discussion, it can be concluded that the difference in
calculated and observed values, even in the cases of poor and medium fit plots,
can reasonably be explained in all but one or two cases (Fig A8.14), which
could not be explained because not enough data points are available. The model
developed seems to give acceptable results, is based on a rational recognized

approach, and can be used for design of flexible pavements. Any improvements,
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as discussed above, in the model will further reduce the gaps between observed

and calculated results.

RUT DEPTH INDEX MODEL

The details and development of the rut depth index model were discussed
in Chapter 9. For the comparison of rut depth index values, the sections used
for the cracking index model are considered here. Figure 11.3 shows a compar-
ison of the calculated rut depth index and observed values of six selected
AASHO Road Test sections. Other test sections so compared are included in

Appendix 8 (Figs A8.19 through A8.36).

Computation of Rut Depth Index

In computing the rut depth index values also the material properties were
characterized as in Chapter 5. The monthly values of elastic modulus contained
in Tables 5.2, 5.3, and 5.8 are used. Equations 5.1, 5.2, and 5.4 are used for
repeated load-deformation characteristics of materials. The actual monthly
traffic data of the AASHO Road Test (Ref 70) are used. Typical computer compu-
tations are included in Appendix 4. The rut depth index computer program,
discussed in Chapter 9, computes the total deformation as well as the deforma-
tions of the base, subbase, and subgrade layers. When the total calculated
deformation was compared with the observed values of the AASHO Road Test sec-
tions, it was noted that the calculated values were generally higher initially
but were approximately equal at the time of failure. 1In this regard, a study

of the AASHO Road Test (Ref 70) showed that

(1) Rate of rut development decreased with load applications.

(2) Although pronounced rutting developed in both wheel paths of the
pavement surface, very little was apparent in the embankment soil
where the sections were maintained. This and other thickness and
trend measurements of the AASHO Road Test sections were considered
to be evidence that pavement layers were mainly responsible for
rutting observed in the wheel paths of the pavement surface and that
the subgrade makes almost no contribution toward rut depth.

(3) 1If the sections that were failing at a rapid rate were not maintained
rutting or distortion of the pavement in the wheel paths extended
\ into the embankment soil.
Based on the above observations, plots of observed and computed rut depth
were made (Figs 11.3 and A8.19 through A8.36) without considering the effect

of subgrade deformation unless the condition in item 3 above was encountered.
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In the present design procedure, the computer program computes the deformation
in all the pavement layers separately. Therefore, the observation made in

item 2 can be accounted for in the procedure easily.

Comparison of Computed and Field Rut Depth

Figures 11.3 and A8.19 through A8.36 show that there was close agreement
between the observed and calculated values. Of 28 sections which were compared,
about 23 showed a difference between the calculated and observed values of
less than 0.2 inch and none of the sections has a difference of more than 0.3
inch.

Not even the replicate sections in the AASHO Road Test showed the same
performance and rut depths; therefore, it can be expected that observed rut
depths data will deviate from values of rut depths calculated from any theo-
retical model. A satisfactory model should give residual errors that average
about the same as the deviations of replicate observations from their owm
mean. The rut depth differences in the observed values of the replicate sec-

tions have been noted as high as 0.3 or even more.

Discussion of Comparison

When observed and calculated values of rut depth are compared, the follow-

ing points must be considered:

(1) For calculations of rut depth, not all the local climatic and other
factors could be or were considered in detail; for example, certain
rainfalls and snowfalls of short duration, non-load associated ef-
fect, and temperature stresses. Therefore, some differences are
bound to occur. Comparison should be made of the general trend of
the plots and their qualitative rather than exact quantitative
agreements for each month. In some cases the observed values of
rut depth decreased with increases in traffic load repetitions, in-
stead of increasing. This is not correct and may be due to obser-
vation errors. In many cases corrections close the gap in observed
and calculated values,

(2) Quantitative differences between observed and calculated values may
be considered in the light of the effect on the PSI values of the
sections. In the PSI and PSR observations of the AASHO Road Test
data (Ref 70), a difference as large as 1.1 was observed and the
mean value of the difference for 74 observations, on which PSI
equation was based, was Q4§2 The contribution of the rut depth in
the PSI equation is 1.38 RD- (Ref 70). Assuming that all the error
in PST is due to rut depth and that a correct average rut depth is
about 0,25 inch, the reasonable acceptable value of the difference
between computed and observed values of rut depth can be computed.
It is seen that for a mean correct rut depth of 0.25 inch even a
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value of rut depth between 0.0 and 0.53 and similarly at a mean
value of 0.6 inch rut depth, values from 0,38 to 0.76 will be within
the acceptable difference of 0.3 in the PSI values.

At the AASHO Road Test a high level of correlation was found between
deflections and performance. Performance is affected by degree of
rutting. Thus, deflections were correlated with rutting (Ref 70,
Fig 95). Dotted lines on the plots of deflection vs rut depth in
Fig 95 in Ref 70 were located one standard error of the estimate
from the regression line. For a creep speed deflection of 0,04 inch,
for example, the corresponding values of rut depth for one standard
deviation vary from 0.35 to 0.65. A model predicting a variation to
this extent was acceptable for AASHO Road Test data. Therefore, any
model of this accuracy should ordinarily be satisfactory.

In the replicate sections (Ref 70, Appendix C) of the AASHO Road
Test reports, the spring creep deflection data show a variation

from 0,038 inch to 0.072 inch for loop 3, lane 2, The corresponding
rut depths from Fig 95 of Ref 70 are

Axle Applications Rut Depth in Inches
140,000 0.2 - 0,7
610,000 0.35 - 0.8

1,114,000 0.45 - 100

Deflections for 18-kip axle loads in loop 4, lane 1, for repli-
cate sections measured 0.077 inch and 0,056 inch. The corresponding
rut depths at 140,000 applications are 0.8 inch and 0.47 inch. These
data show that in the replicate sections of the AASHO Road Test data
the above order of variation in the rut depth can be expected and
any model predicting with this accuracy should be satisfactory.

For a few sections the difference between observed and calculated
rut depth was relatively more in the beginning of the performance
period and then evened out. This is not considered significant for
the following reasons:

(a) A discrepancy in rut depth in the beginning affects the present
serviceability much less. For example, a discrepancy of 0.2
inch between values of 0.1 and 0.3 will affect the PSI only by
0.1, while toward the end the same difference between rut depth
values of 0.5 and 0.7 affect the PSI by 0.33.

(b) The computed values are in most cases conservative.

(c) From the design point of view, relatively more correct values
for the level of service are required at some time other than
the beginning, for example, at the time of overlay, and main-
tenance, when correct values of PSI are more important for
decision criteria.

(d) 1In the beginning, when the ruts are not visibly well defined,
measurement error in the observed values is likely to be rela-
tively higher.
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Summary

It is seen from the plots that in almost all cases the differences are
much less than the expected minimum accuracy discussed above, and in most
cases the predicted or calculated values are very close to the mean observed
values for outer and inner wheel paths. From the above discussions, it can be
concluded that rut depth prediction by the model and the method presented in
this report are dependable and can be used in the design of the flexible pave-

ments.

VERIFICATION OF ROUGHNESS INDEX MODEL

To estimate the value of slope variance, a roughness index model was
developed (Chapter 10). This model predicted the roughness index values
corresponding to the cracking index. In this section the computed values of
roughness index are compared with the observed values of the selected 28 AASHO
Road Test sections. These sections are the same as those selected for the

cracking index and rut depth index models (Fig 11l.1).

Computation of Roughness Index

Cracking index values are theoretically calculated equivalent values and
represent the cracking-patching in the pavement. Therefore, from the cracking
index values calculated from the cracking index model as discussed in the
first section of this chapter for various AASHO Road Test sections, corres-
ponding values of roughness index (RI) were calculated by the computer program
(Appendix A4.4), as discussed in Chapter 10. 1In these calculations the regres-

tion analysis model (Eq 10.15) developed earlier in Chapter 10 is used.

Comparison of Computed and Field Roughness Index

Figure 11.4 shows a comparison with six selected AASHO Road Test sections.

This comparison with the other 22 sections is shown in Figs A8.37 to A8.58.

The computations were made for 28 AASHO Road Test sections. Careful scrutiny
and engineering judgment will show that about 16 sections show very good pre-
dictions, six may be termed as showing medium fit, and six show comparatively
poor results. However, it must be remembered that the calculated roughness
index values were obtained from the calculated cracking index values. Any
discrepancy in the observed cracking-patching and calculated cracking index,

therefore, will also show up here. Such observed differences were explained
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earlier, and it was noted that most discrepancies could be explained, and thus
the calculated cracking index values were reliable and satisfactory. Once the
cracking index value discrepancy is explained, the estimated roughness index
value will also give satisfactory results, and the apparent differences noted
above in the calculated and observed roughness index values will be reduced.

For plots with good fit, the differences are very small, with the great-
est difference being 0.2. Tn the medium fit category the difference was
occasionally as large as 0.4. For poor fit plots, the differences in calcu-
lated and observed roughness index values were sometimes as much as 0.6 to
0.7, although most differences were much less. However, with the explanation
already offered for the cracking index these differences will be reduced.
Moreover, eVen in these sections (poor fit), values at the beginning and end
of the performance period compare very well, but observed values of roughness
index either decreased or stayed the same at some other time resulting in
apparent high differences in values during the performance period. The con-
stant or decreased observed values of roughness index during the performance
period are considered wrong for theory and/or logic. Proper corrections in
the observed data will reduce the differences.

The replicate sections in the AASHO Road Test did not show the same per-
formance and slope variance measurements, and it can be expected that observed
per formance data will deviate from calculated values from any theoretical
model. TFor the AASHO Road Test sections, replicate differences in roughness
index values as much as 0.40 and in some cases 0.7 were observed. These
replicate differences in roughness index are equivalent to replicate differ-
ences of 0.76 and 1.33, respectively, in PSI. Moreover, even the standard
deviation of the variability of the SD Profilometer measurements for roughness
index has been observed as 0.37 (Ref 155). The final effect of any discrep-
ancy of roughness index should be compared in terms of present serviceability
index, and this is done in the last section of this chapter.

Figures 11.5 through 11.9 show the comparison of calculated and observed
roughness index values for some additional AASHO Road Test sections. For
these sections, values of roughness index were calculated, from the actual
observed values of cracking-patching as well as from the computed cracking
index. The calculated and observed values in both cases are found in close

agreement for these sections also.
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Summary
Generally the differences between calculated and observed values are
within acceptable limits and the model presented herein gives satisfactory

results and can be relied on in the design of flexible pavements.

VERIFICATION OF THE PERFORMANCE MODEL

The models for quantification of the cracking index (CI), rut depth
(RD), and roughness index (RI) were developed in Chapters 8, 9, and 10, re-
spectively. Verification of these models earlier in this chapter proved their
applicability to the design procedure for flexible pavements. For comparison
of the observed and calculated values of PSI, 28 sections selected for distress

index models comparison are also utilized here.

Computation of PSI

For selected AASHO Road Test sections, the values of CI, RI, and RD were
computed from the models developed in this report. Then PSI values for these
sections were calculated from Eq 7.1. The computer program to calculate the
cracking index and rut depth index values is given in Appendix A4.2. Another
computer program, which calculates the roughness index and present serviceabil-

ity index, is included in Appendix A4.4.

Comparison of the Performance Model

The calculated and observed values of present serviceability index for
AASHO Road Test sections are compared as shown in Figs 11.10 and A8.59 through
A8.80. 1In these figures, it can be observed that

(1) 1In general, the calculated and predicted values of PSI at the begin-
ning are very close in almost all cases, as are those at the end.

(2) Fluctuations and some differences in calculated and observed values
occur at times other than close to the beginning and end.

(3) The calculated values always show a decreasing trend, but in some
cases the observed values of PSI increase with time for some periods,
which is wrong theoretically as well as conceptually. Other than
this discrepancy, the trend of loss in serviceability is computed
and observed values is the same.

(4) Of 28 plots, 17 show a maximum difference in any month in calculated
and observed values of PSI on the order of 0.3. This difference is
about 0.7 in five cases while it is as much as 1.5 in six cases. The
mean difference, however, is only 0.15.
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For a comparison of calculated and observed values the following points

should be considered:

1

(2)

(3)

4)

&)

(6)

7

(8)

At the AASHO Road Test (Ref 70), where the original PSI equation was
derived, based on the present serviceability ratings of 74 data
points, the difference between PSR and PSI was as large as 1.1, with
a mean value of 0.3. Therefore, it seems that any difference be-
tween calculated and observed values of * 0.3 is not significant,
and in some cases a difference as high as 1.1 can be tolerated.

In the theoretical calculations, not all the local and temporary
conditions affecting the PSI can be taken into account, for example,
a brief local rainfall or snowfall. Therefore, large fluctuations
at times other than at the beginning and end of the performance
period are likely to occur.

The effects of embankment swelling, nonload-associated effects, and
temperature stresses wWere not taken into account. When these
effects are included, closer predictions are expected. The work to
quantify these effects is already in progress and is the subject of
another report.

The increase in PST at any time in the performance period cannot be
explained theoretically or logically. In observed measurements it
increased very often, which may be due to errors in the measurements
or, sometimes, to local and short smooth surfaces. When this dis-
crepancy in the observation is removed, better agreement between the
calculated and observed values will result.

During certain times of the year, especially hot months, measure-
ments of cracking are likely to be wrong (Ref 70) because of tempo-
rary invisibility of the cracks. This may lead to lower and false
observed values of the PSI. During some periods the measured values
of roughness index also decreased instead of increasing with load
repetitions. Some of the large differences in observed and calcu-
lated values of PSI are in fact due to these discrepancies in
observed values (Figs A8.63, A8.69, A8.70, A8.72, A8.74, A8.75,
A8.78, and A8.79) and the observed values, instead of going down as
expected, either went up or stayed the same, causing bigger differ-
ences. Correction of this situation will improve the agreement
between observed and calculated values.

The general trend of the performance curve and the values of PST
calculated and observed at the beginning and end are very close in
most cases.

Differences in some cases occurred in the field because of the time
phase difference phenomenon, which was explained for the cracking
index. Sections showing large differences in PSI are the same as
those which showed large differences in cracking index.

The replicate sections in the AASHO Road Test did not show the same
per formance (Figs 11.10, AB.63, A8.64, A8.69, A8.72, A8.74, A8.75,
A8.77, and A8.78). Therefore, it can be expected that the observed
performance data will deviate from the calculated performance values
obtained from any theoretical model. However, a model may be
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considered satisfactory which results in residual errors that average
about the same as the deviations of the replicate observations from
their mean. The same type of criteria were adopted in the AASHO

Road Test for choosing a satisfactory model (Ref 70, p 43).

The performance model developed in the AASHO Road Test gave a
mean prediction error in the performance value of PSI for various
loops of 0.39 to 0.75, with an overall mean of 0.53 (Ref 70, Table
11). There is no mention of the extent of the maximum errors of
predictions involved in the model. However, when the mean error in
a loop is 0,75, the maximum prediction error can be more than 1.0
and up to 1.5.

For the AASHO Road Test, a mean replicate observed difference
in PST was reported as 0.46 (Ref 70, p 43). From the observation
of various replicate sections in this report, the PSI values were
different by even more than 1.0 at various times. This difference
was 2.0 or greater at or close to the time of failure in some test
sections.

The replication difference given by the panel in the PSR ranged
as high as 0.5 (Ref 70, Table 1.F, pp 295 and 306). It was noted
that this replicate difference was observed when ratings were made
on successive days and it is possible that replicate PSR's would
differ even more over a longer interval of time. The standard devia-
tion of the individual PSR value for each section is 0.5, which shows
that 3 ratings out of 10 will be even more than 0.5 rating points
from the panel mean PSR.

(9) 1In the spring of 1971 a team of graduate students from the Center
for Highway Research at The University of Texas at Austin was sent
out to measure the performance data of some of the highways in
Texas. They were also instructed to assign the rating values to
these highways in accordance with the AASHO Road Test procedure. A
difference between the ratings of the students as high as 1.1 was
noted, and the difference in PSI and PSR was as high as 1.6. A
difference in PSI and PSR up to 1.0 was very common.

(10) Figure 11.11 shows the calculated monthly values of the present
serviceability index (PST) against the observed values for all test
sections shown in Fig 11.1. The overall mean values of observed
and predicted PSI values are 3.28 and 3.13, respectively. The dif-
ference in mean values is only 0.15, as compared to 0.3 mean differ-
ence between PSR and PST (paragraph (1) above) and a mean observed
replicate difference of 0.46 (paragraph (8) above). Less than 10
percent of the points fall outside the *0.75 lines (paragraph (8)
above). The correlation coefficient between the predicted and
observed values is 0.872 and the mean absolute residual is 0.43.

Summary
Based on the discussions in the previous section of this chapter and the
results using the models developed in this report, it may be concluded that

the predictions are well within the expected accuracy and discussed criteria.
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Any major differences can be explained in all cases. Therefore, these models
should be considered satisfactory for use in the design of the flexible pave-

ments.



PART IV

VERIFICATION AND PROPOSED USE OF MODELS



CHAPTER 12. SENSITIVITY ANALYSIS

Verification of the developed models in Chapter 11, and predictions
which compare well with observed data give confidence in the use of the pro-
posed models. 1In this chapter, results of a sensitivity analysis for the
cracking index model are reported. The purposes of the sensitivity analysis

are to

(1) establish confidence and reliability in the models,

(2) 1improve the understanding of the models,

(3) debug the computer program,

(4) establish the relative significance of the input variables,

(5) simplify the computer program by eliminating or fixing variables,
and

(6) establish guidelines and precautions for the use of the models.

It is recognized that a designer has only limited time and resources to
spend in estimating the large number of inputs needed in the proposed proce-
dure. Therefore, the more important inputs in determining the optimum cost
and design should be estimated with greater precision and accuracy than the
others. The conclusions in this chapter are based on broad general observa-
tion and do not hold in all cases. One effective method of determining the
relative significance of the parameters in a complex model is to perform a
sensitivity analysis by evaluating the amount of response in a model due to
a unit change in the parameters. The interactions of the variables must be

studied for a complete sensitivity analysis.

Description of Analysis

About 35 main parameters are involved in the present fatigue models
developed in the report. Complete senmsitivity analysis is a major task and
is not considered herein, but it is recommended that it be made at the earli-
est opportunity. The most important and significant mathematical model

developed in the present study is the cracking index model. Therefore, a
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limited sensitivity analysis was made to study the effect of different param-
eters on cracking index values and verify the suitability of the model,

Results of detailed sensitivity analyses on FPS models reported in Refs 89,
92, and 93 provide background for such a study.

A complete sensitivity study would require an analysis of designs and costs
at all levels of the possible ranges of the variables involved. Such an anal-
ysis of variance would have to be performed on a very large scale to cover the
effects of individual variations of the variables as well as their variations
in groups. To study all the possible interactions of variables, an experiment
would have to be set up to solve the number of problems given by the full fac-
torial of 35 variables. Such a large scale experiment is not feasible from
either a solution time or a data analysis point of view.

Therefore, an experiment had to be formulated which could be done within
reasonable time and with a reasonable amount of effort and would give the maxi=~
mum information desired to effectively use the developed computer program and
to attain the required confidence for using the proposed models for actual field
problems, A five-level experiment (Fig 12.1), as discussed in Ref 93, is de-
sirable for a sensitivity study of a model having a large number of variables,
the type proposed in this report. However, for the sensitivity study of small
magnitude reported herein, a three-level experiment (Fig 12.2) was selected.
This experiment would isolate the effects of individual variables by varying
one variable while the rest are held constant. The experiment was designed by
giving each variable, based on engineering judgments, its low, average, and
high magnitude value, as shown in Table 12,1, For example, in the present study
the low and high values of the elastic modulus of different materials are varied
by 25 percent, i.e., about one standard deviation, either way to study the ef-
fect of the variation. These elastic modulus values do not represent the real
low and high values of this parameter., A detailed sensitivity study should
consider the actual variation from low low values to high high values expected
in real situations for all the parameters. One basic solution was then obtained
keeping all the variables at the average level. The variations were then stud-
ied in the average cut, and two more problems were studied for every variable,
These problems involved all the variables at their average levels except that
the one under study was given its low and high value for the two problems. 1In

a detailed three-level experiment similar studies should be made for the low
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Study Levels LL L Av H HH
Equal Spacing
Cuts 1 2 3 4 5
Where
LL = 1low low values
L = 1low values
Av = average values
H = high values
HH = high high values

Number of Problem Solutions N is given by

N = C+Vx¢C (-1
where
= number of cuts
V = number of variables

number of study levels

Fig 12.1, Typical five - level experiment for sensitivity analysis.
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Study Levels Low Average High
Equal Spacing

Cuts 1 2 3
Where
L = low value
Av = average value
H = high value

Number of problem solutions N 1is given by

N = C+VxcC (S ~1)
where
V = number of variables
= npumber of study levels
C = number of cuts

Note: In the present study the variables were studied at the average cut
only (C = 1), for which the number of solutions are:

1+ Vvxlx2 = 2v+1

Fig 12,2, Typical three~level experiment for sensitivity analysis.,



TABLE 12.1. ASSIGNED LOW, AVERAGE AND HIGH MAGNITUDE

VALUES OF THE PARAMETERS
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Value
SR/NO Variable Low Average High
1 Single Axle Load 7 12 17
(Rip)
2 Tire Pressure 42.3 65.7 67.5
(1bs/in?)
3 Thickness
{(inches)
{(a) A. Concrete 3.0 5.0 7.0
(b) Base 3.0 6.0 9.0
(c) Subbase 9.0 12.0 15.0
4 Mean Elastic Modulus
E wvalues
(1bs/in2)
{(a) Concrete
Jan. 12.00x10° 16.00x10°  20.00x10°
Feb. 10.60x10° 14.20410°  17.60x10°
Mar. 10.28y10° 13.70x10° 17.12x10°
Apr. 6.75x10° 9.00x10°  11.25¢10°
May 4 .50%10° 6.00%10° 7.50%10°
June 3.00x10° 4 .00%10° 5.00x10°
July 2.6210° 3.50x10° 4.37%10°
Aug. 2.25¢10° 3.00410° 3.70510°
Sep. 3.1510° 4.20x10° 5.25410°
Oct. 4.92410° 6.50x10° 8.12x10°
Nov. 6.27x10° 8.30x10° 10.3710°
Dec. 9.82x10° 13.10x10°  16.37x10°
(b) Base
Jan. 18000 24000 30000
Feb. 18000 24000 30000
Mar. 18000 24000 30000

(Continued)
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TABLE 12.1. (Continued)
Value
SR/NO Variable Low Average High
Apr. 11700 15600 14500
May 11000 18000 22500
June 14700 19600 24500
July 16200 21600 27000
Aug. 17400 23200 29000
Sep. 18000 24000 30000
Oct., 18000 24000 30000
Nov. 18000 24000 30000
Dec. 18000 24000 30000
(¢c) Subbase
Jan. 9900 13200 16500
Feb. 9900 13200 16500
Mar. 9900 13200 16500
Apr. 5400 7200 9000
May 6450 8600 10750
June 7100 9800 12250
July 8100 10800 13500
Aug. 8700 11 00 15500
Sep. 9150 12200 15250
Oct. 9400 12400 15600
Nov. 9600 12800 16000
Dec. 9900 13200 16500
(d) Subgrade
Jan. 4950 6600 8250
Feb. 4950 6600 8250
Mar. 4950 6600 8250
Apr. 2700 3600 4500
May 3225 4300 5375

(Continued)
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TABLE 12.1. (Continued)
Value
SR/NO Variable Low Average High
June 3675 4900 6125
July 4050 5400 6750
Aug. 4350 5800 7250
Sep. 4575 6100 7625
Oct. 4650 6200 7750
Nov. 4800 6400 8000
Dec. 4950 6600 8250
5 Poigson's Ratio
(4) held constant
(a) A. Concrete 0.3 0.3 0.3
(b) Base 0.4 0.4 0.4
(c) Subbase 0.45 0.45 0.45
(d) Subgrade 0.5 0.5 0.5
6 Confidence g«
for E-values (Ed)
(a) A. Concrete .095 .18 .265
(b) Base .095 .18 .265
(c) Subbase .095 .18 .265
(d) Subgrade .095 .18 .265
7 Coefficient of variation
"Vv" of E values
(v . JEx100\*
\'v =
\%
(a) A. Concrete 12,5 20.0 27.5
(b) Base 12.5 20.0 27.5
(c) Subbase 12.5 20.0 27.5
(d) Subgrade 12.5 20.0 27.5

(Continued)
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TABLE 12.1. (Continued)
Value
SR/NO Variable Low Average High

8 Values for parameters

in fatigue equations:
P
N = A ( 1 \ *k
e /
and
Nd = NSO - log SD.K
(a) "A" wvalues 10-9 10-8 10-7
(b)Y "B" wvalues 3.35 3.9 4.45
(c) Log SD 0.25 0.3 0.35
(d) Confidence ¢ 0.095 0.18 0.265
for H'N"

9 Monthly load applications 20750 40500 60250
"™N'" Actual

* Ev = Mean value of elastic modulus

op = Standard deviations in elastic modulus
v
** See Chapters 4 and 9.
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cut with the variable being studied given its average and high level and all

the other variables kept at low levels., A similar procedure should be used

for high cut, in which the variables are studied at their average and low val-
ues. A five-level experiment needs similar study at five cuts (Fig 12.1). 1In
the present experiment the procedure required, in all, that 31 problems be sol-
ved for fifteen variables. One additional solution for the fatigue parameter B,
considered to be most significant, was run for the value as 2.9. Two more
solutions for all variables at their high and low values were also run. Thus
the total number of solutions was 34, In Table 12,2 the cumulative final val-
ue of the cracking index (CI) of each problem after 36 months for the given
monthly traffic is expressed as a percentage of the corresponding CI value of
the average problem, with all parameters at the average level (Ref 171)., These
values of the cracking index were obtained using the computer program for crack=-

ing index, included in Appendix 4.

RESULTS

Figure 12.3 shows the plot, for each variable, of cracking index versus
the percentage of the variable in terms of its average value (Table 12,2).
The relative slopes of these plots indicate the comparative significance of
each variable. The plots also help suggest the comparative qualitative sig-
nificance of different variables and give an initial indication of the sensi-
tivity or rating of the variables. For example, because the slope of the
curve for fatigue parameter B (Curve No. 23-24) is steepest on both sides of
the average value (100), this parameter is considered most significant (signif-
icance 1) at both levels., Similarly thickness of subbase (Curve No. 7-8) is
considered 14 in significance, one level above the least significant variable.

A more quantitative approach to assigning the significance of various
parameters is shown in Table 12.3. For many plots in Fig 12.3, it is diffi-
cult to define any regular trend of slopes from the low side to the high side,
i.e., from one end of the plot to the other. Therefore, it seems reasonable
at this stage to define a constant variation in two parts, i.e., from low to
average and from average to high., The plots are not always uniform and straight
but in most cases, based on this subdivision, reasonable indication of the
relative significance of the various variables is expected. Cracking index
values for a one percent increase or decrease in average value of a particular

parameter are calculated (col 4, Table 12,3) representing the slope of the



TABLE 12.2.

CRACKING INDEX VALUES FOR VARIOUS PROBLEMS

Final Value of CI in sq ft
per 1000 sq ft with

CI Expressed as
Percent of Average

2) or (3

Variable at Value = ==555~ x 100
Curve Number
No. Variable Low High Low High Figs 12.3 & 12.4
1 2 3 4 5 6
1 Axle Load 0.322 107.0 0. 260.0 1-2
2 Thickness of Asphalt
Concrete 251. 1.22 610.0 2. -
Thickness of Base 56. 24,0 138.0 58.0 -
4 Thickness of Subbase 47. 35.9 115.0 88.0 -
Elastic Modulus E of
Concrete 88. 19.7 216.0 48.0 9-10
6 Elastic Modulus of Base 60. 27.9 149.0 68.0 11-12
7 Elastic Modulus E of
Subbase 48. 34.9 119. 85.0 13-14
8 Elastic Modulus E of
Subgrade 42, 14.3 105. 35.0 15-16
9 Confidence Value for
Elastic Modulus E g 85. 17.5 210. 42.0 17-18
10 Coefficient of Variation
for Elastic Modulus E ¢ 12.6 79.4 30.0 195.0 19-20
11 Fatigue Parameter "A" 397. 0.633 975.0 1. 21-22

YT

(Continued)



TABLE 12.2. (Continued)

CI Expressed as

Final Value of CI in sq ft Percent of Average
per 1000 sq ft with _(2) or (3
Variable at Value = 40.7 x 100
Curve Number
No. Variable Low High Low High Figs 12.3 & 12.4
1 2 3 4 5 6

12 Fatigue Parameter "B'* 905.0 0.00686  2220.0 0.01 23-24
13 Log Standard Deviation

of Fatigue Curve 29.9 52.4 70.0 120.0 25-26
14 Confidence Level for

Fatigue Curve N o 18.3 82.3 40.0 202.2 27-28
15 Actual Number of Load

Repetitions 'N" 14.9 68.5 36.6 168.3 29-30
Notes:

1. vValue of cracking index (CI) for the case when
all variables are at their average value is 407,
b. all variables are at their low values is 1000,
c. all variables are at their high values is 1.46 ¥ 10-5.

2. For typical pavement under consideration see Fig 8.4.

* Final value of C1 for value of B as 2.9 is 1000.

841
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TABLE 12.3. PROCEDURE TO GET THE RELATIVE SIGNIFICANCE OF VARIABLES

Sequence Nos. in
Order of Decreasing

Slope
CI value Lowside Highside

X = % Increase Y = Final CI per 1% of of of Curve

or Decrease of the Problem- Increase or De- Average Average or

in Parameter Final CI of crease in Average Value Value Problem
Parameter's Value From Average Parameter Value of of No.
Name Average 100.0 (CI = 40.7) Slope = Y/X Para. Para. (Fig 12.3)

1 2 3 4 5 6 7

Axle Load (L) -41.8 -40.378 . 0.970 5 1
Axle Load (H) +41.8 +66.3 1.586 2 2
Thickness AC (L) -40.0 +210.3 -5.260 2 3
Thickness AC (H) +40.0 -39.48 -0.987 5 4
Thickness Base (L) -50.0 +15.60 -0.312 12 5
Thickness Base (H) +50.0 -16.70 -0.334 12 6
Thickness Subbase (L) -25.0 +6.50 -0.260 14 7
Thickness Subbase (H) +25.0 -4 .80 -0.192 14 8
Elastic Modulus E,, (L) -25.0 T +47.60 -1.905 4 9
Elastic Modulus EAC (1) +25.0 -21.00 -0.840 7 10
Elastic Modulus EBase ~25.0 +20.20 -0.808 7 11
Elastic Modulus E +25.0 12

Base

-12.80 -0.5115 10

{Continued)



TABLE 12.3. (Continued)

Sequence Nos. in
Order of Decreasing

Slope
CI Value Lowside Highside
X = % Increase Y = Final CI per 1% of of of Curve
or Decrease of the Problem- Increase or De- Average Average or
in Parameter Final CI of <crease in Average Value Value Problem
Parameter's Value From Average Parameter Value of of No.
Name Average 100.0 (CI = 40.7) Slope = Y/X Para. Para. (Fig 12.3)
1 2 3 4 5 6 7

Elastic Modulus ,
ESubbase (L) -25.0 +7.80 -0.312 13 13
Elastic Modulus
ESubbase (H) +25.0 -5.80 -0.232 13 14
Elastic Modulus
ESubgrade (L) -25.0 +2.20 -0.0879 15 15
Elastic Modulus
ESubgrade ) +25.0 -26.40 -1.056 3 16
Confidence Value for
Elastic Modulus Egy (L) -47.3 +45.00 -0.9515 6 17
Confidence Value for
Elastic Modulus Eq (H) +47.3 -23.20 -0.4910 11 18
Coefficient of Variance
(¢ -37.5 -28.10 +.07490 8 19

(Continued)
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TABLE 12.3. (Continued)
Sequence Nos. in
Order of Decreasing
Slope
CI Value Lowside Highside
X = % Increase Y = Final CI per 1% of of of Curve
or Decrease of the Problem- 1Increase or De- Average Average or
in Parameter Final CI of crease in Average Value Value Problem
Parameter's Value From Average Parameter Value of of No.
Name Average 100.0 (CI = 40.7) Slope = Y/X Para. Para. (Fig 12.3)
1 2 3 4 5 6 7
Coefficient of
Variance (H) +37.5 +38.70 +1.033 4 20
Fatigue Parameter
A-Value (L) -90.0 +356.3 ~3.962 3 21
Fatigue Parameter
A-vValue (H) +90.0 -40.067 -0.044519 15 22
Fatigue Parameter
B-Value (L) -14 +864 .30 -61.700 1 23
Fatigue Parameter
B-Value (H) +14 -40.693 -2.908 1 24
Standard Deviation of
Fatigue Curve Log SD (L) -16.6 -10.80 +0.650 9 25
Standard Deviation of
Fatigue Curve Log SD (H) +16.6 +11.70 +0.705 8 26
(Continued)

Ay



TABLE 12.3. (Continued)

Sequence Nos. in
Order of Decreasing

Slope
CI Value Lowside Highside
X = % Increase Y = Final CI per 1% of of of Curve
or Decrease of the Problem- 1Increase or De- Average Average or
in Parameter Final CI of <crease in Average Value Value Problem
Parameter's Value From Average Parameter Value of of No.
Name Average 100.0 (CI = 40.7) Slope = Y/X Para. Para. (Fig 12.3)

Confidence Level for
Fatigue Curve Number
of Load Rep.: No (L) -47.3 -22.40 +0.474 11 27
Confidence Level for
Fatigue Curve Number
of Load Rep.: Ny (H) +47.3 +41.60 +0.8805 6 28
Actual Number of Load v
Repetitions "N" (L) -48.5 -25.80 -0.528 10 29
Actual Number of Load
Repetitions "N" (H) +48.5 +27.80 +0.5725 9 30
Fatigue Parameter
B~value (LL) -28.2 +959.3 -30.00 31

21
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curves in Fig 12.3. The relative values of this slope then represent the rela-
tive significance of each parameter as entered in cols 5 and 6. The variables
are arranged in order of decreasing significancé in Table 12.4.

These procedures not only give the qualitative and quantitative importance
of each variable, but also give the relative order of importance of the vari-
ables. However, these results are considered to be limited since they do not
consider all the interactions between the different variables. A complete
factorial experiment for all interactions is not possible because of the large
number of variables. However, the detailed sensitivity study recommended ear-
lier is expected to give more dependable results in a wide variety of situa-
tions. In some cases it may be advisable to run a sensitivity analysis for
each design problem. It may further be advisable to compare the variation in
the output due to one standard deviation in each variable rather than on the
basis of 1% increase or decrease and assign the significance on this basis.,
However, before this can be done a study of the expected variations to calcu-
late the standard deviation for each variable is required and is a field opened
for future research,

Figure 12.4 shows curves for all parameters at various levels against the
cracking index expressed as a percent of average value. For true high and low
values the ranges shown would represent 100 percent variations and the actual
relative significance of the various parameters would be shown. However, ex-
treme high and low values were not considered in this study and the relative
significance of the parameters shown is only for the specific values of the
parameters considered in this experiment. In the detailed sensitivity study
of the five-level experiment, low low and high high values represent true ex-

treme variations of each parameter.

OBSERVATIONS

The following tentative observations are made from this short sensitivity

study:

(1) Fatigue parameter B in the fatigue equation 4.1, is the most sig=-
nificant variable and has the maximum effect on the CI values.
Other important parameters are thickness of asphaltic concrete fa-
tigue parameter A, axle load, and modulus of subgrade.

(2) The effect of the resilient modulus of subgrade is least on the low
side and is quite significant on the high side.



TABLE 12.4.
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RELATIVE SIGNIFICANCE OF THE VARIABLES

Parameters Arranged in the Order of Effect

Sequence
Number Low Side (L) High Side (H)
1 Fatigue Parameter 'B" Fatigue Parameter "B"
2 Thickness of Asphalt Concrete Axle Load
3 Fatigue Parameter "A" Elastic Modulus Subgrade
4 Elastic Modulus Asphaltic Coefficient of Variation
Concrete in Modulus Values
5 Axle Load Thickness - A.C.
6 Confidence Value for Elastic Confidence for Fatigue
Modulus Curve Ny
7 Elastic Modulus for Base Elastic Modulus Asphaltic
Concrete
8 Coefficient of Variation in Log SD for Fatigue Curve
Modulus Values
9 Log SD for Fatigue Curve Actual Traffic Repetitions
Na
10 Actual Traffic Repetitions 'N" Elastic Modulus for Base
11 Confidence for Fatigue Curve Confidence Value for
No Elastic Modulus
12 Thickness - Base Thickness - Base
13 Elastic Modulus for Subbase Elastic Modulus for
Subgrade
14 Thickness - Subbase Thickness - Subbase
15 Elastic Modulus for Subgrade Fatigue Parameter "A"
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(3) The thickness of asphalt concrete, fatigue parameter A in Eq 4.1,
the stiffness modulus of concrete, the confidence level of modulus
values, the thickness of base, and the resilient modulus of base have
a more pronounced effect on the low side than on the high side.

(4) Axle load, coefficient of variation for modulus values, confidence
value for fatigue curve, standard deviation of fatigue life log SD,
and number of actual load repetitions have a more pronounced effect
on the high side than on the low side.

The present analysis, which was conducted using only the average values,
may not give a true picture of the actual significance of the parameters, and
problems with all low values and high values should also be run. For complete
analysis, a five-level experiment is recommended. To examine the behavior of
the models, a complete sensitivity analysis of all the models should be con-
ducted at the earliest opportunity.

The large number of solutions run during this study not only gave a bet~
ter understanding of the cracking index model, but also more confidence in the
use of the model. The various runs also helped in debugging the computer pro-
gram at various stages.

The magnitude of this small sensitivity analysis makes it difficult to
draw any definite conclusions regarding fixing or eliminating the less impor-
tant variables, From this study, all the parameters considered variable con-
tributed significantly and none can be fixed or eliminated at this stage, How-
ever, this study establishes a criterion of relative significance which can be
used to determine the precision which should be applied in estimating each
variable, Fatigue parameter B is relatively significant and should be esgi~
mated very accurately. The relative significance of various parameters based
on the range of values for each variables (Table 12.1) and relative effect on
the output for one percent change in the average value of the parameter estab-
lished on the basis of this study is shown in Table 12,4, Such relative sige
nificance is liable to change in certain cases because this type of analysis
does not consider complete interaction between parameters.

Detailed criteria for using the cracking index models in the most economi=~
cal way can be established only on the basis of the complete sensitivity study.
In the meantime, several alternate solutions should be run to obtain the most

economical design based on the procedure established in the next chapter,
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SUMMARY

In this chapter, a general format for a complete sensitivity analysis was
discussed. The results of a sensitivity analysis of the cracking index model
were discussed and the relative significance of the variables éstablished, as
shown in Table 12,4, Based on this study it is noted that fatigue parameter B
is very sensitive and should be estimated very accurately. It is recommended
that a detailed sensitivity study of all the models developed in this report
should be made as soon as possible,

Verification of the proposed models in Chapter 11 and the sensitivity
study in this chapter prove the applicability of these models for design of
flexible pavements. The design procedure based on the proposed fatigue models
is prescribed in Chapter 13. This design procedure should be used until some
parameters can be fixed or eliminated and the amount of computation time re-

duced, based on a detailed sensitivity study.



CHAPTER 13, SUMMARY OF PROPOSED FATIGUE MODEL

The theoretical background of the proposed distress index models was ex-
plained in earlier chapters, and these models were developed in Chapters 7 to
10. The computer program to calculate the distress indices and pavement per~
formance is included in Appendix 4., The verification of these models with
AASHO data that was made in Chapter 11 proved that these models predict the
distress indices and performance of a pavement satisfactorily and that the pro-
cedure can be used for the design of flexible pavements. In this chapter a
summary of the proposed design procedure is presented. Revision of the FPS
model for a second generation model is discussed. A comparison of the exist-
ing flexible pavement systems computer program with the present design proce-

dure is made by solving example problems.

PROPOSED FATIGUE MODEL

This section describes direct use of the proposed procedure for the de=~
sign of flexible pavements. Use of the procedure in the existing FPS is dis~
cussed in the next section. The steps required to solve a design problem by

the proposed design procedure (Fig 13.1) are:

(1) Collect data on traffic, materials, and enviromment. A list of all
the input data required is included in Appendix 4. The traffic
volume and design period are decided from the traffic record and
project planning.

(2) Characterize Materials: Material characterization is an important
part of the whole design process. Material parameters should be
ascertained on the basis of laboratory test results, as explained
in Chapter 5 and Appendix 2.

(3) 1Initial Pavement Condition: The design and performance of the pave=~
ment require assumption of the initial slope variance SV and ini-
tial and final values of the pavement PSI. Through an engineering
judgment an evaluation is made of these parameters in advance. For
example, just after the construction of pavements, the initial value
of the roughness index, log (1 + SV), generally varies from 0,3 to
0.6 and the PSI from 4,5 to about 3.8, depending upon the importance
of the highway. The terminal PSI varies from 3.0 to 1.5, at which
stage either an overlay or a reconstruction will be required.

159
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(4) Assume Minimum Layer Thickness: Based on engineering judgment, trial
layer thicknesses for the pavement section are assumed.

(5) Calculate Distress Index: Based on the above data and information,
the distress index values (CI, RDI, and RI) and pavement performance
PSI for the trial traffic and design period are calculated with the
distress models.and computer program developed in this report (Ap-
pendix 4),

(6) Compare Final PSI: The computed terminal PSI is compared with the
desired value. If the values compare within the desired accuracy,
the assumed design is satisfactory; otherwise, the layer thickness
assumed is revised and another trial comparison is made, until a
satisfactory solution is reached. Layer thickness combinations may
have to be tried also to find the most economical design. Although
several designs, with different layer thickness combinations, may be
structurally equal, only one is economically best.

PROPOSED FPS SECOND GENERATION

The flow diagram of the proposed FPS second generation (Fig 13.1) shows
the proposed procedure included in the existing FPS programs. Mainly, it is a
question of replacement of the physical models of the existing FPS. From the
new distress index models, PSI due to traffic load is computed at the end of
an assumed performance period. Adjustments are made to this PSI for the exist-
ing swelling clay model of the FPS and for other nontraffic associated PSI
models to be added later, This adjusted PSI is compared with the desired PSI
and a satisfactory design is obtained. Several other structurally satisfactory
designs can be obtained, and these designs are optimized by the existing FPS
economic and other models to get the array of designs for final selection for
the no-overlay case. The computations for overlays are made for several per=-
formance periods, as shown in Fig 13,1 and all satisfactory designs are again
optimized by the existing FPS models to give the final array of design from
which final selection is made.

Figure 13.2 shows the existing and proposed generation of working pavement
systems., The modified and replaced items are marked. The deflection coeffi~
cients have been replaced by elastic constants, fatigue properties, and sto=-
chastic variations in these parameters. The deflection term is replaced by
stress and strain computations. Instead of a direct empirical deflection ver-
sus performance equations in the existing procedure, the distress indices are
computed and from the PSI versus distress indices correlation the performance

of the pavement is obtained. The overlay computations are made as shown in



!

QUTPUTS WEIGHT FUNCTION SYSTEM QUIPUT
: : — FUNCTION
* Distress Indicesl
(CI. RDI, RI) .-—
S 5.0
N
A Road Test : } :
A Defl Deflection PSI ! i '
vs { | !
Performance f/ {P_L _ V. . . -
. f
Equation
0.0 T'
* Stress ime
and * PSI vs
Strain .
Distress 1
Indices
Equation

INPUTS INTERMEDIATE
Load " A Deflection
4 18k Equiv Ny - Coefficient
A i -
Rate of App (Time) (Stochastic
Environment Variations,
Swelling clay E. monthly,
* i
& Temp monthly temp ——— ¥ uy ,
A Climate moisture content etc. -m | Fatigue
Construction :?OPEEtéeS’
"As Constructed" epeate
Load,
Maintenance —_ —. Deformation
As needed to < = \pharacteristics.
SI 4
keep PSL > Pf I Thickness

N — - ————————

— . ———

Loads Carried

AN
Costs
Construction
Overlay
User e

Routine Maint
Salvage Value

Wt Function \

Salvage Val
Avail Funds

Int Rates T ——

Maint Feedback

fo — — — — "

‘LEGEND
. Additional steps

Seal Coat

Safety
Seal Coat
Min PSI-Control

COMFORT-PSI

Array~Choices
(1) Min Total Cost
{2) Min First Cost

(3) Etc. e B
Select Design
* lFrom Array
Function land Construct
fm, US, IH LPavement System

in FPS 2nd Generation

N; Traffic appl. of any
load group or groups

E, Elastic moduli

w; Poisson's ratio

CI Cracking Index

RI Roughness Index

RDI Rut Depth Index

PSI Present Service-
ability Index

4 Items replaced by FPS
Second Generation

* Items included in
FPS Second Generation

Fig 13.2. Existing and Second Generation FPS (after Ref 81).

€91



164

Fig 13,1, with proper consideration of fatigue damage at the time of the

overlay. The cost models, which compute the array-choices, are not changed.

Computation of Stress and Strain

At present, the computer program developed in this report takes about
60 seconds to solve one problem., In solving one problem the computation for
strain is made 24 times while the computation for stresses goes through the
layered subroutine 12 times., Therefore, most of the computer time is spent on
these computations. 7To make the computer program more efficient, it is neces-
sary to find an efficient way to calculate stresses and strains and to replace
the layered subroutine, The simplest way would be to solve some factorial prob=-
lems for various combinations of important parameters (Ei ’ Di , and Wi) in the
layered program, and to get regression equations to determine stresses and
strains. It is seen that a direct factorial of the important parameters in-
volved gives an unfeasible number of problems to be solved. Therefore, some
simplified procedure needs to be adopted. During a study of the analysis of
layered program it was found that stress in the layers is a function of the
modular ratios of the layers rather than their absolute values (Ref 131), This
is verified and reported by Shahin (Ref 166). Furthermore, Heukelom and Klomp
(Ref 60) found from field observation that the modular ratios of untreated pave~
ment layers do not exceed 1,5 to 2.5. For a fixed modular ratio, the number of
variables in the layered program is reduced, thereby considerably reducing the
number of factorial solutions. This or some other suitable approach should sim-
plify the stress and strain computation in a layered system, Scrivner, at the
Texas Transportation Institute, is also working to simplify this problem. Once
efficiency in stress and strain calculation is achieved, the problem of computer

time in the present procedure is solved.

Application of Damage Theory for Overlay Design

In the existing FPS models, it is assumed that after an overlay the result=-
ing total thickness of asphalt concrete behaves as one layer, with the original
material properties of all layers. Although in reality some allowance is re-
quired to take into account the change in material properties due to traffic
loads and time, no such allowance is made in the existing ¥PS. In the pro=-
posed procedure, for layers other than the surface layer, it is planned to
account for this change in material properties in the calculations of the rut

depth index. The cumulative net rut depth index after an overlay is calculated
by subtracting the rut depth index at the time of the overlay from the cumulative
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rut depth index at any time after an overlay. After damage to the surface
layer, a new layer is added but the old surface layer is cracked. At present
there is no rational method available to take this damage into account., An
advantage of the proposed procedure, which ig based on fatigue and damage
hypotheses, is that this damage to the pavement can be taken into account. In
a pavement layer, according to Minor's hypothesis, failure is considered to
occur when the cumulative damage exceeds 1,0 because initial damage for a new
facility is zero. Thus, for a new pavement the cracking index is computed
based on the probability of cumulative damage exceeding one. However, when a

pavement is overlaid it has already experienced some cumulative damage
£ i D
<ZB Zg ﬁl> . Thus, for an overlaid pavement, an estimate of the mean initial

damage x due to traffic already experienced by the pavement should be made

and subtracted from 1,0 (Ref 116). After an overlay, the cracking index

should be computed based on the probability that cumulative damage due to new
traffic will exceed (1.0 - x), This procedure should be adopted in the second
generation FPS. An overlay example problem based on this criteria is shown in
Fig 13.3. A pavement with layer thicknesses of 3.5, 9, and 8 inches is con-
sidered. TFor a terminal PSI of 2.5, this pavement lasts for 5.5 months. After
an overlay of 1-1/2 inches, for the same constant traffic, the pavement lasts
for 13 months as compared to 16 months based on the criteria of the existing

FPS.

EXAMPLE PROBLEM - COMPARISON OF THE PRESENT FPS AND PROPOSED FATIGUE MODELS

To develop confidence in the procedure presented in this report, example
problems were run comparing the proposed model with the existing FPS method.
Since the comparisons were carried out with AASHO Road Test data, in these
example problems high traffic values corresponding to the AASHO Road Test data
are adopted. Thus, short time periods for the pavement performance are the re-
sult due to high traffic., However, in actual problems, the lower traffic
values will result in corresponding increase in the actual performance time
periods,

In the first example problem, AASHO Road Test Section 623, which carried
18-kip single axle applications, is designed using the AASHO FPS model., The

strength coefficient values assumed are the same as developed in the AASHO

Road Test. The input and output are shown in Tables A9,1 and A9.2, respectively.
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To simulate the design for the AASHO Road Test section, no swelling effect was
assumed. The initial present serviceability index was assumed as 4.2, which
corresponds to the initial observed value of the AASHO Road Test Section 623,
The average daily traffic values at the beginning and end including accumu-
lated 18~kip axle applications are based on average values of traffic used on
the above AASHO Road Test section. The maximum and minimum layer thicknesses
are restricted to 3, 6, and 8 inches for surface, base, and subbase, respec-
tively, and minimum and maximum time for the overlay are restricted to obtain
the design life for this thickness combination without an overlay and for an
assumed terminal PSI of 1l.5.

A few trial solutions established the stiffness coefficient of the FPS
deflection model giving the same performance as that predicted by the FPS
AASHO model. Figure 13.4 shows performance curves for the pavement section
under consideration from various methods, as detailed in the figure. The per=~
formance curves are quite close and give confidence in the present procedure.

In the second example, with 18-kip axle load repetitions of the AASHO
Road Test data, problems are run with FPS, AASHO and deflection model computer
program to obtain a set of structurally equal designs. The input to the pro~
gram for the FPS AASHO model is shown in Table A9.3 while output is shown in
Table A9.4. The input and output for the deflection model are similar. The
stiffness coefficients for deflection models are the same as those used in the
first example.

The data for swelling clay, traffic, and PSI are the same as taken for the
first example. However, the maximum and minimum layer thicknesses are input
to get some feasible designs. The minimum and maximum times of overlay are
made equal to the performance period to get structural designs to last for ap-
proximately the time of the AASHO Road Test period, 2.2 years without an over=~
lay.

These computations have given several designs with different layer thick=-
ness combinations, but with the same performance, i.e., the same structural
number in the AASHO model and the same surface curvature index (SCI) in the de=-
flection model of FPS. Therefore, as far as FPS is concerned all these combi-
nations have the same structural performance. For comparison the following

combinations are considered:
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Concrete Base Subbase
2,75" 9" 1"
3.5" 9" 8"
4o5" 9" 4"

Figure 13.5 shows that, though the FPS predicts the same performance, the
different thickness combinations do influence the performance of a pavement.,
It is shown that the 3.5, 9, and 8~inch thickness combination has the same per=-
formance in the FPS and fatigue procedures, but the performance of the other
combinations is significantly different in the fatigue procedure.

The third example (Fig 13.6) shows the effect of support variations. In
the FPS, a constant support condition throughout the year is assumed, which is
not the real world situation. The performance curves for the FPS deflection
model for 50 percent and 80 percent confidence are also shown. The fatigue
procedure with some material properties assumed constant throughout the year
shows the same performance as FPS, The effect of change in the material prop-
erties is shown. The figure also shows the performance when account is taken
of monthly variations in the material properties. The figure shows that the
assumption of a constant support condition in FPS can give designs which fail
much earlier than predicted.

For FPS, the month when the pavement is opened for traffic and monthly
traffic distributions are immaterial when no monthly variations in the mater-
ial properties are taken into account. However, for the proposed fatigue pro-
cedure the opening month and monthly traffic distributions and material prop-
erties variations are important because the performance and the deterioration
in the PSI of the pavement at particular time depend upon the material prop=-
erties at that time. The effect of monthly traffic distribution and of open~
ing month, for short design period, is shown in Fig 13.7. This is a more
realistic approach since, generally, in practice failures have been observed
in the spring months,

Figure 13.8 shows the performance curves, for the three combinations of
layer thicknesses, as computed by FPS and the proposed fatigue procedure. The
proposed procedure is more realistic because, as expected, the performance
curves for the three thickness combinations are different in the case of the
proposed procedure as compared to the one and same performance curve in case
of existing FPS. In this particular example, the design life for different

combinations varied by 50 percent. It is also observed that increasing the
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layer depths from 3, 6, and 8 inches to 3.5 - 9 - 8 inches increased (Figs 13.4
and 13.8) the life of the pavement in FPS from 7 to 21 and 29 months for de-
flection and AASHO models, respectively, which does not seem reasonable., How-
ever, for the proposed fatigue procedure the life increased by 16 percent,
From the results discussed herein the fatigue design procedure seems to

give better and more realistic designs of flexible pavements than based on the

existing FPS models.



CHAPTER 1l4. TMPLEMENTATION

The verification of the models developed in this report and their
accurate predictions of the observed data in Chapter 1l along with the results
of the sensitivity study in Chapter 12 give confidence in using the proposed
procedure for the design of flexible pavements and in including this procedure
in the existing FPS. In Chapter 13, revision of the existing FPS was dis-
cussed. Including the present design procedure and making the revision to the
existing FPS led to the second generation FPS. In its implementation, new
inputs are required (see Appendix 4). Implementation of the proposed proce-

dure is discussed in this chapter.

STRESS AND STRAIN COMPUTATIONS

In the proposed procedure stresses and strains are calculated from the
layered program. The inputs for this analysis include the elastic modulus,
Poisson's ratio, and stochastic variations in modulus for each material.

These properties of the materials are characterized as in Chapter 5. In the
previous chapter it was noted that stress and strain calculations in the pres-
ent analysis, by the direct use of the layered subroutine, should be improved
and replaced by a more efficient approach. An alternate approach was dis-
cussed and further research to make the present procedure more efficient was
recommended. The work on distress due to major temperature cyclic effects is
also to be included in FPS second generation and is expected to take additional
time at the Center for Highway Research. During this time the research efforts
may also be continued to reduce the computation time in the proposed procedure
and revision of the present FPS may be made to include the present procedure

as well as the major temperature effects. To help with the problem of long
computation time only the limited number of designs predicted as the most
optimum by the existing FPS should be checked by the present design procedure
for correct performance. This will avoid the time used for computations on
infeasible and unacceptable designs. Once an array of most suitable designs

from the existing FPS is known they are checked by the proposed procedure and
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final selection is made. It may be necessary once more to run the cost
analysis for these revised designs through the FPS cost models. This tentative
design procedure, shown in Fig 14.1, is expected to reduce the computation time

considerably.

OVERLAY DESIGN

Revision of the existing FPS overlay design procedure is proposed,
following the procedure discussed in the previous chapter, which is based on
the fatigue theory and cumulative damage hypothesis. The computer program
developed for the present design procedure needs a small change for overlay
designs. TFor computation of the cracking index after an overlay, the log 1.0
term in Eq 8.5 needs to be changed to log(l.0 - x), where x 1is the cumula-

t 3

tive damage ( E: E; ;}? ) up to the time of overlay. For the rut depth index
0 ]

the change for an overlay design requires that the rut depth index at the time

of an overlay RDIoL should be subtracted from the rut depth index at any

time after an overlay RDIL to get the correct net rut depth index after an

overlay RDI, . The effect of swelling clay is already considered by the

c
existing FPS.

REPEATED LOAD-DEFORMATION DATA

The regression models for computing the permanent strain in a pavement
(Eqs 5.1, 5.2, and 5.4) are based on the typical characteristics of coarse-
grained base and subbase materials and fine-grained subgrade materials of the
AASHO Road Test. Characteristics of the coarse-grained materials of the AASHO
Road Test are similar to those of materials tested at the Texas Transportation
Institute (Ref 35), as mentioned in Chapter 5. These regression models are
only used for computations of the rut depth index. Any small variation in the
rut depth index is not comparatively important in the performance equation
(Chapters 7 and 11) and does not affect the PSI significantly. In additionm,
any change in the above typical regression models based on actual materials
used in a particular pavement probably does not affect the rut depth appre-
ciably. Thus, though these regression models should be revised for accurate

computations, based on actual repeated load~deformation characteristics of a
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particular material used in a particular pavement as discussed in Chapter 5,

even these models are expected to give results which do not affect the final

PSI significantly.

EQUIVALENCIES

The present procedure has the capability to compute the distress for
various single axle load groups of any load intensity, and it is not necessary
to change into equivalent 18-kip axle applications as in the existing FPS.
However, it is seen that separate computations for various load groups con-
sume much computer time. Thus, to save computation time it is suggested that
equivalencies to convert the various load groups into one should be used. The
present procedure was developed based on the verification of the AASHO Road
Test data. Moreover, in the HRB Asphalt Concrete Structural Design Workshop,
1970 (Ref 63 and Appendix 1), it was suggested that the load equivalency fac-
tors developed from the AASHO Road Test equations be used for the present.
These equivalencies are based on fatigue and damage criteria. Thus, it is
recommended that the equivalencies based on the AASHO Road Test for different
load groups and axle combinations be utilized in the design procedure to

reduce computation time.

PRESENT SERVICEABILITY INDEX

The computation of present serviceability index with the proposed proce-
dure and the modifications needed in the existing FPS performance equation
were discussed in Chapter 3. With slight modifications in Eq 3.2, the pro-

posed procedure can be included in the FPS.

TRAFFIC COMPUTATIONS

In the existing FPS, Eq 3.3 is utilized for traffic computations. 1In
the proposed procedure the actual load repetitions for each load group or
Eq 3.4 is utilized for traffic instead of 18-kip equivalent repetitionms.
However, existing Eq 3.3 can also be utilized in the second generation FPS
with slight modifications in the proposed procedure, by including this equa-

tion in addition to Eq 3.4 or replacing Eq 3.4.
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TIME SUBROUTINE

The time subroutine of the existing FPS can be utilized in a modified
form for the convergence process of performance time for the desired PSI,

traffic, layer thicknesses, and distresses based on material properties.

LABORATORY INVESTIGATIONS

Test procedures required to characterize the material properties which
are used in the present design procedure are discussed in Chapters 4 and 5.
Laboratory testing programs should be initiated at the earliest opportunity to
characterize the fatigue material properties properly and to include the
determination of the parameters needed in this development, so that reliable
data may be created for implementation of this procedure for use of specific
materials in a particular pavement. 1In the meantime, the design may have to
rely on data in the literature or from other sources to obtain values for all
variables used in the present method. The fatigue parameters B and A are
very sensitive variables, and their values need accurate determination. Thus

an immediate testing program to create accurate data is important.

LIMITATIONS FOR SURFACE TREATMENT AND THIN ASPHALTIC CONCRETE SURFACES

The proposed models for cracking index and roughness index are derived
based on the following hypotheses:
(1) The cracking index in a pavement system is caused by the repeated

flexural tensile strain developed in the asphaltic concrete surface
layer due to applied wheel loads.

(2) The constant stress mode of loading conditions is most logical to
determine the fatigue response of asphalt concrete for flexible
pavement design.

(3) The roughness index represents most of the detrimental effects of
cracking and that cracking is a good indicator of roughness in a
pavement.

Under the above logical hypotheses, the proposed cracking index and
roughness index models are not applicable in case of the surface treatments.
For thin asphalt concrete surfaces less than 1 inch thick the models are not
expected to give satisfactory results, and therefore the models may not be
directly used for these cases. Further research work is needed to modify the

models for their use for thin surfaces.
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PREDICTION ERRORS IN THE MODELS

The prediction errors in the proposed models were discussed in Chapter 11
and results of a short sensitivity analysis were discussed in Chapter 12 to
create a confidence in use of the proposed models. However, for the variations
in the performance predictions at various confidence levels under different
combinations of input variables and for determining the relative significance

of these variables a detailed sensitivity analysis shall have to be performed.
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CLOSURE



CHAPTER 15. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

In Chapter 1, the general study objective of development of new design
models for flexible pavement system second generation, based on best avail-
able technology, to update the existing FPS model, was mentioned. The author
feels, in his opinion, that this objective has been achieved successfully here-
in by development of the various distress models and quantifying the present
serviceability index value from these models. The inclusion of this procedure
in FPS requires revisions in only the structural design portion and correspond-
ing material characterization of the systems, while the user's cost and other

economic models will continue to remain the same.

SUMMARY

In the first few chapters, the existing design methods and theories were
discussed and need for a new systems design procedure, considering the fatigue
theory, linear elastic layered theory, and probability theory, was established.
The concept of distress and failure in the pavement, along with the AASHO con-
cept of performance and present serviceability index, was discussed. Based
on these concepts, the distress models for cracking index, roughness index,
rut depth index, and overall present serviceability index were developed in
terms of elastic and fatigue material properties (which can be predicted in
the laboratory) and their stochastic variations with space and time, loading,
environmental conditions, and load-deformation characteristics. These dis-~
tress models are proposed to replace the empirical relationship used at present
to simulate the transformation between the input variables and performance of
a pavement.

Similarity and accurate predictions of the distresses actually observed
for the AASHO Road Test sections and sensitivity analyses performed for the
cracking index models give the confidence in the use of the models and pro-
cedure developed in this report. The development and the use of the computer

program makes it easy to handle the calculations involved in the systems.
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The proposed models can be used directly and can also be included in the
existing FPS models leading to the flexible pavement system second genera-
tion. To reduce the computer time, the proposed models may be used to provide
an independent check on current design procedures. The present method of over-
lay design is proposed to be replaced by the method which is based on fatigue
theory and damage criteria. The example problems are solved which show the
improvements of the proposed method and add to the confidence in use of the
proposed models for the design of flexible pavements.

The concept of fatigue and probability theory in pavement design presented
herein, though recent, is well recognized now. Their proper use in the design
of flexible pavements for the first time, in the present form, adds a new
dimension to the pavement design field.

The need of (1) proper relationship between distress mechanism, perfor-
mance, and serviceability; (2) considerations of stochastics in pavement de-
sign; (3) distress due to fatigue in the pavement; and (4) applicability of
linear theories to predict stress and strains in the pavement was recognized
in the first few priority items for research by the HRB Workshop in January
1970, held at Austin, Texas (Appendix 1). The author feels that this report
is a first successful attempt in this direction.

In summary, a comparison of various field observations with the predicted
distress values gives a large degree of initial confidence in the design models
and, in the author's opinion, the method is ready for immediate practical
application, although it is only long-term observation and feedback process

that will truly verify the models.

CONCLUSIONS

The flexible pavement design models presented in this report are based on
sound fundamentals using the best state-of-the-art information available. The
author feels that the specific objective of this study, detailed in Chapter 1,
has been well accomplished.

Following are the specific conclusions for this study.

(1) A study of the development of the design methods of flexible pave-

ment shows the need of a rational method of design which can predict

the performance of a pavement under various sets of conditions to
update the existing FPS.
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The review of current procedures and methods of flexible pavement
design reveals that only a few bona-fide procedures exist and those
in practice now certainly need improvements in various ways. The
proposed design method will go a long way to fulfill these needs.

The characterization of materials is a very important part of the
whole design procedure. Proper laboratory techniques need to be
extended for material testing. In the meantime, the engineer may
have to rely on data in the literature or from other sources to ob-
tain values for all variables used in the present method.

The use of linear layered elastic theory may be considered as the
most appropriate method for the calculations of stress and strains
in various layers, although some more efficient approach to make
these computations is needed.

The development of the proposed method in the present form gives a
new added dimension in the pavement design field and gives the reali-
zation of the importance of stochastic principles over the determin-
istic models.

The proposed distress models have been verified successfully with

the AASHO Road Test data which gives the confidence in the use of

these methods. Example problems show the improvements of the pro-
posed method over the existing FPS.

This method shows some combinations to be unacceptable, which are
acceptable with the present design.

The new design models are more realistic and are based on sound and
latest state-of-the-art. The models can be easily included in the
existing flexible pavement systems model without many changes except
in the structural design portion of the systems program. The pro-
posed method can also be used directly for design of flexible pave-
ments.,

Since the conventional hand solutions are a physical impossibility
in solving the problems with these new models, the necessary computer
programs have been developed to aid the design process.

The developed design models are considered to be ready for an imme-
diate application in the field.

Deteriorated condition of the pavement should be adequately considered
at the time of the overlay construction, based on fatigue principal.
The proposed method of overlay design, based on fatigue theory,

damage hypotheses, and stochastic concepts, presented in this report,
adds a new dimension to the overlay design.

RECOMMENDATIONS

- The author recommends that

(1)

The models developed in this report may be put to immediate applica-
cation for the design of flexible pavements and procedure included
in the existing systems model to create FPS second generation.
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Research efforts should be continued to include the fatigue effects
of the nontraffic-associated temperature cycles and foundation move-
ments.

The existing FPS model may be revised to include the developed models
for traffic-associated distress and for nontraffic-associated distress
when such models are ready.

Laboratory testing programs should be initiated to characterize the
material properties properly and to include the determinations of
the parameters needed in this development.

Necessary feedback data banks should be created and kept up-to-date
to update the method as and when required.

It is also important that necessary efforts are continued to make
the developed computer program more efficient.

A sensitivity study of the parameters involved should be made and
their significance in the program should be evaluated.

Consideration of the variability and probability may be extended for
other parameters in the systems design not considered in these devel-
opments.

Maintenance and other models in the FPS may be updated.

The swelling clay effect needs to be considered in some more rational
way in the systems design model.

Cracking index distress model, presented herein, has been based on
the constant stress conditions in the pavement. This is a conserva=~
tive situation in some cases in comparison to the constant strain
conditions, especially for thin pavements. Further research efforts
are needed as to the application of these two cases in different
situations.

The proposed cracking index and roughness index models are not appli=
cable in case of the surface treatments. For thin asphalt concrete
surface of less than l-inch thickness, the models are not expected to
give satisfactory results. Further research efforts may be extended
to modify the models for their use in these cases.

The principles of design and development of models discussed in this
report should be extended for the existing rigid pavement system.

Efforts should be continued to make the present method of layered
computer program to calculate stress and strain more efficient and/or
replaced by a more efficient approach.

The proposed models could be used to give better evaluation of some
of current blackbases being proposed for pavements by the Texas
Highway Department.
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APPENDIX 1. SUMMARY OF RESEARCH NEEDS, ADVISORY COMMITTEE, HRB WORKSHOP
ON STRUCTURAL DESIGN OF ASPHALT CONCRETE PAVEMENT SYSTEMS
HEID IN AUSTIN, TEXAS, DECEMBER 7-10, 1970 (REF 63)

To make engineers more effective in bringing developments to the pro-
fession quickly and in helping to direct research efforts by improving the
interaction between engineers and researchers, a workshop was held at The
University of Texas during the period December 7-10, 1970, under the auspices
of the Highway Research Board and sponsored by the Federal Highway Administra=-
tion.

The following list represents ten major research items required to de-
velop additional methodology for problems currently not solvable. These items
have been obtained from the deliberations of the nine discussion groups and
have been ranked by the Advisory Committee (Ref 63). This committee has pre-
pared statements which reflect the extent of these research areas.

It should be noted that there are many items included in the discussion

group reports which have not been included in this listing.

1, Relationship Between Pavement Distress and a Performance or Failure

Function

There is no mechanistic way to relate pavement distress to pavement
failure except for specific conditions (e.g., excess of rutting levels re~

lated to safety).

2, Determine Applicability of Linear Theories to Predict Stress, Strain,

Deflections and Fatigue Distress in Pavements

This research is intended to determine how accurately the linear
theories of elasticity and viscoelasticity (applied to layered systems) can
predict the stress and strain states, and surface deflections, The predicted
stress and/or strain state in conjunction with fatigue data is to be used to
estimate the cracking of pavements subjected to repeated loads. In addition
the viscoelasticity theory is to be used to predict surface rutting. In all
cases the predictions will be compared with closely controlled and thoroughly

instrumented laboratory and field experiments,
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3., Mechanical Characterization of Granular Materials

Although unbonded granular materials have been used as components of
pavements for many years, there are as yet no generally accepted constitutive
equations by which they may be represented in the stress analysis or which will
reflect their cumulative deformation under repeated loadings. Sensitivity to
confining pressure, the modification of response due to various degrees of
saturation, the "conditioning" which occurs under early applications of load,
and the cumulative densification or distortion which is produced by many cycles
of load well below failure levels, must be considered. Relationships which
approximate these effects under the three dimensional states of stress typical
of those occurring in pavement systems are required. Since rigorous repre-
sentation is not immediately attainable, the emphasis should be placed on the
permissible deviations from linear viscoelastic systems which are tractable in
analysis. After acceptable parameters are selected to characterize such ma-
terials, test procedures must be developed for use by engineers on a production
basis which permit measurement of these parameters on granular materials in a

state representative of their in~situ condition in the pavement system.

4, Effect of Environment on Pavement System Condition and Response

To provide the ability to predict the equilibrium conditions which
will prevail in a given pavement system under local moisture and temperature
environments and the effects of these conditions on materials' properties,

differential surface deformations, and pavement performance.

5. Treating Pavement Design as a Stochastic Process

A procedure needs to be developed which will predict variations in
the system response due to statistical variations in load, enviromment, geometry,
and material properties. In addition, an error analysis is required to esti-
mate the variations in the predictions arising from inaccuracy of the analyti-
cal model and inconsistency in testing procedures.

This would provide the designer with the ability to evaluate the risk
involved in arriving at a particular design value by the selection of various

assumed values for parameters based on statistical considerations.

6. Fracture Mechanisms

The mechanistic approach to fatigue-crack prediction utilizes fracture-

mechanics principles to explain the initiation, propagation, and accumulation
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of cracks., It offers many potential advantages as compared with the phenome-
nological approach primarily in terms of its ability to handle both mode of load-
ing and areal cracking as well as in terms of its ability to explicitly treat
the stochastic nature of the process. Following the successful completion of
current research programs, additional research that is anticipated includes

the effects of random loading, the phenomenon of localized plastic flow due to

occasional heavy loadings, and continuing field verification.

7. Mechanical Characterization of Pavement Materials (Other than Granu-
lar)

While considerable progress has been made in the identification and

measurement of properties of asphaltic concrete required for insertion into
the linear viscoelastic and other procedures of stress analysis, there still
remain important questions in the characterization of these materials and of
asphalt-treated base materials, cement~treated base materials, and cohesive
soils. 1In all cases, the degree of departure of these materials from the
linear response model must be determined to identify any deviations large
enough to require special analysis. Further, the deformation and fracture
response of these materials to repeated loading under states of stress repre-
sentative of critical states in pavement systems must be determined. The
effects of the envirommental variables of temperature and moisture, where
appropriate, must be evaluated. After appropriate characterizations are ob-
tained, production type tests capable of use by highway engineers must be de-

veloped, and typical ranges of values determined.

8. Identification of Loading

(a) Determine accuracy of weight and volume data presently being
obtained and reported in the W-4 loadometer tables by extending the studies.,
(b) Gather data to check accuracy of past predictions of design

loadings.

9. Reflection Cracking - Method of Prediction

Current systems of overlay design do not provide adequate guidance
in designing overlays to prevent reflection cracking. This is particularly
true in the case of large random or thermal cracks found in older Portland
Cement Concrete or cement-treated base structures. In addition, current design

methods do not recognize that cracking can initiate in the base course due to
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shrinkage or other environmental changes. Such a crack can then reflect through
the surface layer leading to distress,

It is believed that the possibility of developing a mechanistic model
should be explored with the purpose of providing a rational approach to these
design problems.

With portions of the Interstate as well as other Federal and State
Highways approaching the end of their structural design life, it is important
that work on the problem be started at an early date so that it will be availa-
ble to help in the designs which will be facing the states in the next few

years.,

10. Information Data Base for the Pavement System

Development of rational pavement design methods is an iterative pro-
cess which involves observation and subsequent improvement bases on analysis
of observed data. Validation or modification of system and sub-system models
lends emphasis to the need for selecting of proper variables and compatible
ways of measurement. The numbers of the possible candidates for inclusion in
the system requires that effective information management techniques be ap-
plied to the data handling process. This involves; selection of parameters to
be stored, sampling plan (i.e., how, when, where to take data), data processing,
input, storage, and output techniques. The pilot model of such a system prob-
ably involves selected pavement sections rather than an entire pavement in-
ventory,

Service-Performance Measurements, or subjective ratings, must be used
to bridge this gap and thus to establish a way of defining pavement failure
and unserviceability for combined levels of distress in terms of the pavement
function and the user.

Studies must define important distress factors involved in pavement
failure (including weighting functions for these factors) in terms of time,
traffic, or other usable factors. Concepts of 'value', such as Utility Theory,

should be studied to see if such work can be applied to this function.

A crude estimate of man-years necessary to accomplish bringing research
needs to the true implementation state was compiled by the Advisory Committee.
There was not time to make any considered judgments, therefore these should

only be viewed as an expression of magnitude.
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APPENDIX 2. DETAILS OF MATERIAL CHARACTERIZATION

Introduction

The need for and technical aspect of the material characterization along
with the details of the material properties required for the present flexible
pavement design procedure were discussed in Chapter 5. Consolidated state~
ments on the properties of the AASHO Road Test materials which were adopted
for the present analysis were also included in Chapter 5. Details of the pro-
cedure to characterize these material properties which were not included in

Chapter 5 are given in this appendix,

Elastic Modulus

The elastic modulus is one of the most important material properties to
be considered in the proposed fatigue model. Its determination should be
based on a close simulation of expected field conditions. The computations

required for such a determination are given in the following paragraphs.

Asphalt Concrete. Various parameters and mix properties required for

determination of the stiffness modulus of asphalt concrete are listed in

Chapter 5., The procedure to determine these parameters is detailed below.

Monthly Temperature, For the present design procedure, to determine the

monthly values of stiffness modulus of asphalt concrete, a temperature repre-
sentative of each month is required. This can be obtained from weather data.
For the present analysis, this information (Table A2.1) was obtained from the
AASHO Road Test Report 5 (Ref 70).

Time of Loading. Several axle loads were used in the AASHQ Road Test,

The axle load as well as the tire pressures in each case was different. How-
ever, a constant speed of 35 miles an hour was maintained for the test traffic
(Ref 70). Time of loading is required to calculate suitable values of the
stiffness modulus for asphalt concrete. For this report, an average time of
loading was calculated as shown in Table A2,2, which is self-explanatory. On

this basis, a mean value of 0,02 seconds was adopted for all calculations.
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Month
January
February
March
April
May

June
July
August
September
October
November

December

TABLE A2.1.

MONTHLY TEMPERATURES

Temperature,
21
25
27
41
54
66
70
75
65
51
43
28

°r
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Mix Properties. The following average values were adopted from the AASHO

Road Test Report 2, SR61B (Ref 67):

Ring and ball temperature 117° F
Penetration at 77° F 91

Voids 3-5%
Asphalt content 5.4% based on total

weight of mixture

Density of surface course mix 146.8 1bs per cu ft

From the above data,

Volume of compacted aggregate
Volume of aggregate + asphalt

Volume concentration CV =

- 146.,8 X 5.4 _
Volume of asphalt per cu ft 100 x 62 .4 0.127 cu ft

(assuming specific gravity of asphalt as unity).

_ 1 -
Cy 1+ 0.127 0.89

Making Van Draat and Sommer corrections for voids of more than 3 percent
(Ref 38),

C
v

. ] =
Corrected volume concentration CV E—;jzﬁ

AH = difference between actual air void content and the value of
3 percent (expressed in decimal form)
C
¥ = v = 0:89
CV T+ AH - 5 -3 0.87
100
Cl
v -
T - o 6.7

From PI charts (Ref 121), assume PI =0 ,
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Time of loading from Table A2,2 0.02 seconds.

Values of Stiffness Modulus. Values of the stiffness modulus of asphaltic

concrete were calculated by the Heukelom and Klomp (Table A2.3), and the
Nijboer method (Table A2.4).

Table A2.5 gives a consolidated statement of the stiffmess values calcu-
lated by the above two methods at various temperatures., Columns 5 to 9 in
this table give the stiffness values of asphalt concrete adopted in various
references. Column 10 gives the practical observation values of stiffness in
a pavement at various temperatures from a plot reported in Highway Research
Record No. 71, pp 70~73., This plot was developed by use of the results of sub=-
grade stress measurements at different pavement temperature. It may be ob-
served that the values of stiffness calculated by Nijboer are very low as com=-
pared to the Heukelom and Klomp method. The literature review shows that the
Heukelom and Klomp method has been given enough recognition to make the re-
sults based on this method more reliable, although it has been observed (Ref 42)
that this method tends to give higher values. The Nijboer method has not been
used much. To get a reasonable value of stiffness consistent with the values
in Column 10, the following criteria were adopted for the present analysis,

(1) A weighted average stiffness value was calculated at all temperatures

by weighting the Heukelom and Klomp method, twice as compared to the
Ni jboer method.

(2) After the stiffness values were recalculated by the method in the
preceeding paragraph, it was found that values agreed reasonably
well with Column 10 except at high temperatures. At a temperature
of 77° F the values given by the Nijboer method as well as by the
Heukelom and Klomp method are lower than the values of Columns 5 to
10 obtained at this temperature from the indicated references.
Therefore, to get a consistent value, an average of all the values
in Cols 5 to 10 was taken and this value was assumed reasonable.

Based on paragraphs (1) and (2) above, a plot was made as shown in Fig A2.1
to represent the stiffness values of asphalt concrete of the AASHO Road Test.
The monthly temperature values (Table A2,1) for the present analysis are taken
from AASHO Road Test Report 5 (Ref 70). The monthly temperature and stiffness
modulus thus obtained are tabulated in Table AZ2,6.

Untreated Granular Base and Subbase Materials. Monthly values of the

resilient modulus for these AASHO Road Test materials are not available,

However, proper analysis of the existing data could give the desired information.



TABLE A2.2.

TIME OF LOADING
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Tire Contact Diameter of Time of
Wheel Load, Pressure, 3 Area, Contact Area, Loading,
1b 1b/in in in. seconds
1,000 29.1 34 .4 6.6 .0107
3,000 42.3 71.0 9.5 .0162
6,000 65.7 91.5 10.8 L0175
6,000 65.7 91.5 10.8 .0175
9,000 67.5 133.3 13.0 .0210
8,000 69.5 115.0 12.1 .0196
11,200 66 .4 169.9 14.7 0240
10,000 66.4 151.0 13.9 L0225
15,000 69.7 216.0 16.6 ,0270
12,000 69.8 172.0 14.8 L0240
MEAN 0.02

Average Adopted Time of Loading = 0.02 seconds

Speed of Vehicles at AASHO Road Test

35 mph
51.3 fps

it




TABLE A2.3.

CALCULATION OF MONTHLY STIFFNESS MODULUS OF AASHO ASPHALT

CONCRETE BY HEUKELUM & KLOMP METHOD REF NCHRP REPORT 39
(Ref 42)

L1

S R O I
Temp Below R&B| Stiffness of 4x10 b Stiffness of
o Bitumen §Sb) 0.83 x log S - mix (Sm% S
Temp °oF C kg/cm b X X kg/cm psi ? 10% |
1 2 3 4 6 7 8 9
20 97 54 2000 1.91 9.75 77.5 155000 22.1
23 94 52 1600 1.95 9.6 82.3 131680 18.8
29 88 49 1200 2.08 9.0 96.7 116040 16.6
41 76 42 500 2.41 7.9 146.0 73000 10.5
52 65 36 300 2.59 7.5 184.0 55200 8.0
64 53 29 100 2.95 6.6 285.0 28500 4.0
67 50 28 90 3.03 6.5 290.0 26100 3.7
71 46 26 60 3.18 6.3 348.0 20880 3.0
74 43 24 50 3.24 6.2 370.0 18500 2.6
75 42 23 40 3.32 6.0 383.0 15320 2.2
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TABLE A2.4. CALCULATION OF MONTHLY STIFFNESS MODULUS VALUES OF AASHO
ASPHALT CONCRETE BY THE NIJOBOER METHOD (Ref 173)

- P
o = 6%
where
Ecg = modulus of deformation (kg/cuz) at 60° C and time of
loading of 5 sec,
P = Marshall stability (kg) of mix,
f = flow value (unit 1/100 cm).
For AASHO asphalt concrete p = 900 kg
f =28
- 2 200 _ 2
Ecp = 16 = 16 x 58 - 514 kg/cu
Coefficient for 0.02 time of loading = 4.0
Hence E,o,t = 0.02 = 514 x 4.0 = 2056 kg/cu? = 29362 1bs/sq in.
) ) . 5
Temp. F | Temp. € | Coefficient E lbs/sq in. x 10
1 2 3 4
20 -6.7 19 5.6
23 ~5.0 18 5.3
29 -1.7 16 4.7
41 5.0 12.5 3.7
52 11.1 8 2.4
64 17.7 6.5 1.9
67 19.4 6.0 1.8
71 21,7 5.8 1.7
74 23.3 5.0 1.6
75 23.9 5.0 1.5
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TABLE A2.5.

STIFFNESS MODULUS OF ASPHALTIC CONCRETE OF AASHO ROAD TEST BY VARIOUS METHODS

Values of Stiffness Modulus by Various Methods psi x 102

Coffman et al

Finn in Ref (169) pp 418

Heukelom AAPT 1964 Based on
[Temp . & Klomp Ni joboer | Adopted pp 87-89 Vanderpoel Baker & Adopted HRR 71
oF Method Method Values* | Dynamic Test NCHRP 1-1d Method Papazian by Finn pp 70
1 2 3 4 5 6 7 8 9 10
20° 22.1 5.6 16.6 15.0
23° 18.8 5.3 14.3 14.0
290 16.6 4.7 12.6 13.0
41° 10.5 3.7 8.2 17.0 at 40° F 10.0
520 8.0 2.4 6.1 8.0
64° 4.0 1.9 3.3 6.0
67° 3.7 1.8 3.1 6.4
71° 3.0 1.7 2.6 5.0
74° 2.6 1.6 2.3 4.5
75° 2.2 1.5 2.0 6.0 at 77°F 1.5 3.4 at 77°F |4.6 at 77°F 1.5 4.3

*Adopted Values Calculated by

col (2) x 2 + Col (3)

3
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TABLE A2.6.

MONTHLY TEMPERATURES AND VALUES OF STIFFNESS
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Stiffness Modulus
Month Temp. F psi X 10°
January 21° 16.0
February 250 14.2
March 27° 13.7
April 41° 9.0
May 54° 6.0
June 660 4.0
July 700 3.5
August 75° 3.0
September 65° 4.2
October 510 6.5
November 439 8.3
December 280 13.1
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Plot of temperature versus stiffness modulus.
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Figures 96 and 97 of AASHO Road Test Report 5 (Ref 70) show the moisture content
and CBR values of the pavement components during various months. These values
are entered in Columns 1 to 3 of Tables A2.7 and A2.8. NCHRP Report 1-11

(Ref 117) gives an approximate correlation between CBR and resilient modulus

for these materials. Estimated values of resilient modulus based on this cri-
terion are entered in Column 4. Special Report 66 (Ref 66) gives the test
results of the AASHO Road Test materials as reported by various agencies. An
average resilient modulus value of 15,000 psi for base and 8,000 psi for sub-
base are reported in this reference. Based on the AASHO Road Test results, a
correlation between the AASHO Road Test strength coefficients and resilient
modulus was developed (Ref 94). This criterion gives an expected variation in
resilient modulus from 48,000 to 9,000 psi for base and 9,300 to 6,200 psi for
subbase materials used in the AASHO Road Test. Heukelom and Klomp (Ref 60)
observed that the modular ratio of the untreated material layers in the pavement
in a stable condition are not expected to be more than 1.5 to 2.5. The expected
values of resilient modulus for base and subbase based on this observation and
assuming an average modular ratio of 2 are entered in Column 8. Special Report
66 (Ref 66) gives some CBR test values corresponding to the observed moisture
contents. Corresponding values of resilient modulus estimated from NCHRP
Report 1-11 (Ref 117) are entered in Column 1l. Haynes and Yoder (Ref 57)

have reported a range of modulus for base material as 33,500 psi to 39,500

psi. The plots of moisture content versus resilient modulus are shown in Figs
A2.2 and A2.3.

From the above discussion, it is seen that it is difficult to pinpoint an
absolute value of the resilient modulus for these materials. However, the
modulus values for subbase were adopted on the basis of Heukelom and Klomp
(Ref 60) criteria given in Column 8. These values are also about an average
of the values given by other criteria. The modulus values of base were also
based on Heukelom and Klomp criteria except that some adjustments, as shown in
Column 12, were made because of very little change in the base CBR values dur-

ing the months from September to March.

Fine Grained Subgrade Materials. No direct information regarding the

monthly resilient modulus of the AASHO Road Test subgrade material is available
from the test results. However, an indirect estimation of monthly resilient
modulus is possible by use of available information (consolidated in Table A2.9)

of the test results of this material.



TABLE A2.7.

MODULUS OF RESILIENCE FOR AASHO ROAD TEST BASE MATERIAL

AASHO Road Test Jain Model Heuklom Page 89 of Ref 664*
Report 5 (Ref 70) {Ref 94)%* & Klom Test Results of AASHO Base
NCHRP Average (Ref 6%) Material by Various Agencies
M.C. 1-11 vValue of Strength B ~2%E Values

Corresponding (Ref 117) E reported Coefficients base™ *“subbase | Moisture Adopted

Month CBR| to CBR Test E lbs/sq in.| in Ref 66 A E lbs/sq in. (1.5 to 2.35) Content CBR NCHRP 1-11 | E 1lbs/sq inm.
1 2 3 4 5 6 7 8 g 10 11 312
Jan, 36% 45.2% 21,000 0.25 48,000 26,400 1. 7.3 72 28,000 24,000
Feb. 36% 4, 2% 21,000 26,400 2. 6.1 1170 _ 24,000
March | 36% 4, 2% 21,000 26,400 : . 24,000
april | 19 6.7 14,000 0.11 9,300 14,400 3. 6.8 | 120 - 15,600
May 22 6.0 16,000 17,200 18,000
june | 25 5.3 17,500 19,600 4. 6.6 8 28,500 19, 600
Ju ly 28 4.8 18,500 15, 000%% 21,600 5. 6.8 87 29,000 21,600
Aug . 32 4.6 15,000 23,200 23,200
Sep. | 34 4.5 19, 500 24,400 6. 10.0} 92 30,000 24,000
Oct. 35 4.4 20,000 24,800 7. 7.0 34 19,500 24,000
Nov. 36 4.3 20,500 25,600 24,000
Dec. 36 4.3 21,000 26,400 8. 6.3 93 30,000 24,000
9. 12.5 3 -

* Assumed Values

*% vValues do not correspond to any particular wmonth

According to the materfal specifications (AASHO Road Test Report 2 pp 64) the CBR for the base material was specified as 75, which according

to NCHRP 1-11 will correspond to an E value of 28,000 psi.

Haynes and Yoder (Ref 57) reported values ranging from 33,500 to 39,500 psi.

L12



TABLE AZ2.8.

MODULUS OF RESILIENCE FOR AASHO ROAD TEST

SUBBASE MATERTAL

Page 79, Table 17 of Ref 66
Jain Model Test Results of AASHO
(Ref 94)** Heuklom Subbase Materials

AASHO Road Test Average & Klom by Various Agencies¥¥
Report 5 {(Ref 70) NCHRP 1-11 Value of Strength (Ref 68} Values
{Ref 117) E reported Coefficients 2vE E From Adopted

Month M.C. CBR E 1bs/sq in. in RBef 66 A3 E lbs/sq in. ¥Eoubgrade | M.c. CBR | NCHRP 1-11 E lbs/sq in.
1 2 3 4 5 6 7 8 9 10 11 12

Jan. 5.0% 26 14,000 13,200 1. 11.7 | 45 17,000 13,200
Feb. 5,0% 26 14,000 0.11 9,300 13,200 13,200
March 5.0% 26 14,000 ’ 13,200 2. 13| 7 13,500 13,200
April 7.6 12 10,800 0.09 6,200 7,200 3. 8.0 28 14,000 - 7,200
May 7.0 15 11,200 8,600 8,600
June 6.2 17 11,500 9,800 4. 6.8 66 18,000 9,800
July 5.7 19 12,300 8, 0004 10,800 5. 5.7| 16 11,400 10,800
Aug. 5.4 21 13,000 11,600 11,600
Sep. 5.3 22 13,200 12,200 6. 7.2 40 16,000 12,200
Oct. 5.2 23 13,400 12,400 7. 7.9 42 16,500 12,400
Nov. 5.1 25 13,700 12,800 12,800
Dec. 5.0% 26 14,000 13,200 8. 7.4 47 17,500 13,200

9. 8.3 41 16,000

* Assumed Values
%% Values do not correspond to any particular month

81¢



TABLE A2.9. MODULUS OF RESILIENCE FOR AASHO ROAD TEST SUBGRADE MATERIALS

Fig 16 Page 555 (HRB Proc

Page 70, Ref 66. Test Vol 34) & Fig 5 (C.K. Chan & NCHRP 35
Average Results of Subgrade 8.B. Seed) AASHO Subgrade Page 15 and
AASHO Road Values Heuklom Material by Various & Vicksburg Clay Test Results Table §
Test Report 5 NCHRP of B & Klomp Agencies¥h¥ dekk
(Ref 70) 1-11 Reported (Ref 60) Coffman | Seed Values
(Ref 117) in E=1420% E E E et al |et al Adopted
onth | M.C. CBR |E lbs/sq in.| Ref 66%* CBR M.C. | CBR | NCHRP 1-11 /M.C. | Stress | Strain | Vicksburg | AASHO | M.C. psi psi | E lbs/sq ium.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Jan. 15.0% 3.7* 4700 5500 5300 15.9 | 2.8 4000 13.5 6200 | 13000 6600
Feb. 15, 0% 3,7 4700 5300 16.2] 2.6 3700 14,0 80 .01 8000 6400 6600
March | 15.0% 3.7% 4700 5300 : : 15.1 80 0125 6400 5000 15 4900 8000 6600
April | 16.9 2.0 3000 1300 2840 14.8 ] 3.7 4700 : . 3600
May 16.5 2.4 3500 3400 1%.513.8 4800 16.7 80 .042 1900 1500 | 16 4500 6600 4300
June |[16.1 2,8 4000 4000 ' : 17.2 80 05 1200 1000 4900
July 15.8 3.1 4100 4400 16.111.5 2500 ' . 5400
Aug. 15.5 3.3 4300 4700 5800
Sep. |15.3 3.4 4400 4800 13.4) 4.3 5200 Nijboer & Metcraft 6100
Oct. }|15.2 3.5 4500 5000 12.7 7.2 7500 give values: 6200
Nov. 115.1 3.6 4600 5100 After 6400
Dec. 15.0% 3.7 4700 5300 £ = 8500 psi 6600
rogt
Before
froet = 21000 pst

* Assumed values

*% Values do not correspond to any particular month

*%* For the same strain AASHO soil required about B0 percent stress of Vicksburg clay

Reference AASHO Subgrade Test results page 616 of First Conference on Structural Design of Asphalt Pavement, at M.C. of 15.3 the value of E
varied from 3000 to 12000 psi.
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TABLE A2.10. VARIATION IN THE STIFFNESS VALUES OF ASPHALT CONCRETE
{Ref Table 2, NCHRP-39 pp 12)

Stiffness Std Deviation Coefficient of | Number
Modulus E Esd Variation 9 of Product
1bs/sq in. x 105 | 1bs/sq in. x 10° 1/2 Samples | 3 X 4 | Remarks
6.80 1.53 22.5 19 427.5
7.03 1.91 27.2 20 544.0
7.12 1.41 19.8 20 396.0
5.90 1.11 18.8 19 357.2
1.79 0.42 23.4 19 444 .6
1.65 0.39 23.6 20 472.0
1.52 0.41 27.0 20 540.0
1.34 0.37 27.6 19 524 .4
5.95 1.54 25.9 12 310.8
4,40 0.90 20.4 8 163.2
4 .96 1.22 24 .6 10 246.0
1.57 0.42 26.8 12 321.6 | Avg.
Coeff,
1.39 0.26 18.7 12 224.4 | of
variation
1.47 0.41 27.8 8 222.4 5490
—555-2&.0
1.42 0.42 29.6 10 296.0
Total 228 5490.1




TABLE A2.11. VARIATION IN THE STIFFNESS MEASUREMENTS ON PAVEMENT SAMPLES
(Ref Page 136 2nd International Conference on Structural
Design of Asphalt Pavements)
Measured Stiffness, psi x 102
68° F 40° F
Mean
No. of Standard Coefficient of Standard Coefficient of | Coefficient of
Location Specimens Mean Deviation | Variation % Mean ]| Deviation Variation % Variation %
Surface
Course 20 1.52 0.41 27.0 7.12 1.41 20.0 23.5
Base Course 8 1.47 0.41 28.0 4.40 0.90 20.0 24,0

€2¢
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AASHO Road Test Report 5 (Ref 70), in Figs 96 and 97, gives the moisture
content and CBR value, of the AASHO Road Test pavement subgrade for various
months. This information is entered in Columns 1 to 3 of Table A2.9. Based
on NCHRP Report 1-11 (Ref 117) Column 4 contains the estimated value of resil-
ient modulus. Special Report 66 (Ref 66) contains the test results of the

AASHO Road Test material. The reported values of resilient modulus vary

from 1,300 psi to 5,500 psi. The test results in this report also show the
CBR values for various moisture contents. These values of CBR with corre-
sponding estimated values (based on NCHRP Report 1-11) of resilient modulus
are shown in Column 9. Heukelom and Klomp (Ref 60) have given an approximate
relation between CBR and resilient modulus, An evaluation of modulus values
based on this criterion is entered in Column 6, In Highway Research Board
proceedings Vol 34, Chan and Seed have reported the stress-strain test results
on - AASHO subgrade and Vicksburg clay at various moisture contents. From these
test results it was observed that for the same strain AASHO subgrade clay
needed about 80 percent stress in comparison to the Vicksburg clay. Based on
this information estimated values of resillient modulus of AASHO subgrade soil
are given in Column 14, NCHRP Report 35 (Ref 165) also contains some test re-
sults on the AASHO Road Test subgrade soil. These are tabulated in Columns 15
to 17, Fluctuations in resilient modulus values based on different criteria
are apparent from Table A2.9. However, based on such information a decision
on values to be adopted for design purposes is not difficult, at least for an
experienced designer. Based on averaging out the available information the
values adopted for the present analysis are obtained from Fig A2.4 and tabu-

lated in Column 18 of Table A2.9.

Stochastic Variations in Elastic Modulus., Direct observations are not

available to estimate the expected variations in the elastic modulus values
of the subgrade, subbase, base materials, and surface asphalt concrete used
in the AASHO Road Test, However, some indirect information was utilized to
determine the expected statistical variations in the elastic modulus of the

AASHO Road Test materials.,

Asphalt Concrete., In NCHRP Report 39 (Ref 42), some test data are

available for various field specimens. These are shown in Table A2,10, A
weighted mean calculation of the test results of the specimens shows a coef-

ficient of variation of about 24 percent., Table A2,11 is an extract of
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stiffness measurements of some pavement samples taken from page 136 of the
Proceedings of the Second International Conference on Structural Design of
Asphalt Pavements, This table gives an approximate value of coefficient of
variation as 24 percent of the mean value. Table A2.12 shows the observed
variations in the test results of the "stability test'" performed on some

asphalt concrete sample and reported in Public Roads, August 1969. The coef-

ficlent of variation in these test results varied from 12.2 to 23 percent.
Based on this information, a value of coefficient of variation of 25 percent

is assumed for analysis in this report.

Untreated Granular Base Material. Test results on AASHO Road Test mater-

ials for CBR values as reported in Special Report 66 (page 96 of Ref 66) are

reproduced below with the statistical calculations made for the coefficilent

variation (page 40, Statistical Methods, by Snedecor).

Number of Mean Expected Coefficient of
Item Samples Value Range Standard Deviation Variation, 7%
CBR 5 100 83 - 140 57 x 0.53 = 30 30

The coefficient of variation is about 30 percent of mean value. The
other test results (Ref 66, page 90) show that the coefficient of variation
was observed as 3 percent for maximum density and 16 percent for optimum
moisture content. The results of 24 tests on the gravel base mixture (Ref 66,
page 73) gave an average liquid limit of 18.9 and an average plasticity index
of 3.1 with corresponding standard deviations of 2.1 and 1.9 which will give
coefficients of variation of 11 percent and 60 percent, respectively. While
other test results may not give a direct value of statistical variations
expected in resilient modulus, the CBR has a direct correlation with this
parameter, A 30 percent coefficient of variation calculated above for CBR may
also be expected for the resilient modulus. However, this information is
based on five samples and can only be treated as approximate. For the analysis
in this report, a value of 25 percent for the coefficient of variation was

adopted.
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TABLE A2,12. HOT MIX MARSHALL TEST DATA "VARIATION IN
STABILITY TEST VALUES"
(Ref "Public Roads' August 1969)

Average Coefficient
Project States Standard Average of
Test Nos. Nos. Deviation Mean Variation %
Marshall Stability 18 4 283.00 2305.00 12.2
1bs
Marshall Flow 100/in 15 2 1.29 8.62 15.0
Marshall Air Voids 18 4 1.00 4,33 23.0
Pct
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Untreated Granular Subbase. The results of the CBR test in Special Report
66, Ref 66) are given below.

Coefficient
Number of Mean Expected of
Item Samples Value Range Standard Deviation Variation, 7%
CBR 5 58 32 - 86 54 x 0.53 = 29 50

The Computed Coefficient of Variation for the CBR value from the above test
results is 50 percent.

Also, Fig 60 of AASHO Road Test Report 2 (Ref 67) gives the results of
CBR determinations on 80 test samples. This shows a mean value as 34.7 and
standard deviation 9.3. The coefficient of variation works out as 26.8

percent. Page 90 of Special Report 66 (Ref 66) gives the coefficient of vari-

tion in the measurement of maximum density as 2.5 percent, while in optimum
moisture content it was 13 percent. Thus, based on the above results, thes
subbase coefficient of variation is expected to be of the same order as for the
base material. Therefore, for analysis in this report, a 25 percent value for

the coefficient of variation for the AASHO Road Test Subbase is adopted.

Fine Grained Subgrade. The data for CBR are given below, according to

page 96 of Special Report 66.

Number of Mean Expected Coefficient of
Item Samples Value Range Standard Deviation Variation, %

CBR 8 5.0 4 = 6.7 351 x 2,7 = 1.0 20

Figure 49 of AASHO Road Test Report 2 (Ref 67) gives the CBR determination
of 80 test samples, The test shows a mean value of CBR as 2.9 and its standard
deviation as 1,28, The coefficient of variation on this basis works out as
44 percent of the mean value, Page 90 of Ref 66 gives the coefficient of
variation for optimum moisture content as 7.4 percent and for maximum density
as 1.8 percent. Page 32 of AASHO Road Test Report 2 (Ref 67) shows statis-

tical variations found for the Atterbergs limit test results, as follows:



Coefficient of

Test Variation, %
Liquid limit 19.5
Plastic limit 11.5
Plasticity index 31.0
Optimum moisture content 14,2
Maximum dry density 2.5

Based on the above test results it is seen that the average statistical
variations in the test results of the subgrade are expected to be about the
same order as for the base and subbase. Therefore, for the analysis in this

report, a value of 25 percent for coefficient of variation is adopted.
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TABLE A2,13. VARIABLES AFFECTING MATERIAL RESPONSE

I. Loading variables
A. Stress history (mature of prior loading)
1. Non-repetitive loading (such as preconsolidation)
2, Repetitive loading
a.  Nature
(1) Simple
(2) Compound
b. Number of repetitive applications
B. 1Initial stress state (magnitude and direction of normal and shear
stresses)
C. Incremental loading
1. Mode of loading
a. Controlled stress (or load)
b. Controlled strain (or deformation)
c. Intermediate modes
2. Intensity (magnitude and direction of incremental normal and
shear stresses)
3. Stress path (relation among stresses - both normal and shear -
as test progresses)
4. Time path
a. Static
(1) Constant rate of stress (or load)
(2) Constant rate of strain (or deformation)
(3) Creep
(4) Relaxation
b. Dynamic

(1) Impact
(2) Resonance
(3) Other

(a) Sinusoidal (rate of loading is variable)
(b) Pulsating (duration, frequency, and shape of
load curve are variables)
5. Type of behavior observed
a. Strength (limiting stresses and strains)
b. Deformability
6. Homogeneity of stresses
7. Drainage (drained or undrained)

II. Mixture variables
A. Mineral particles
Maximum and minimum size
Gradation
Shape
Surface texture
Angularity
Mineralogy
Adsorbed ions

Quantity

[o BN N U, B NOUN NN

(Continued)
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F.

TABLE A2.13. (Continued)

Binder

1. Type

2. Hardness
3. Quantity

Water

1. Quantity

Voids

1. Quantity

2. Size

3. Shape
Construction Process
1. Density

2. Structure

3. Degree of anisotrophy
4., Temperature
Homogeneity

Environmental variables

A.
B.
C.

Temperature

Moisture

Alteration of material properties
1. Thixotropy

2. Aging

3. Curing

4, Densification
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III.

Iv.

TABLE A2.14. TEST CONFIGURATIONS

Tension

A. Uniaxial tension

B. Indirect tension
1. Splitting tension
2. Cohesiometer

Compression
A. Unconfined, uniaxial compression
B. Triaxial compression
1. Open system
a. Conventional triaxial compression
(1) Normal
(2) Vacuum
(3) High pressure
b. Box with cubical specimen
2. Closed system
a. Oedometer
b. Cell
¢. Hveem stabilometer

Flexure
A. System
1. Revolving bar
2. Simple flexural
B. Loading
1. Cantilever
2. Simple beam
a. Point supports
b. Uniform supports

Direct shear
A. Direct shear (rigid split box)
B. Double direct shear

C. Uniform direct shear (rigid caps with confined rubber membrane and

split rings for lateral restraint)
D. Uniform strain direct-shear (hinged box)
E. Punching shear

Torsion
A. Pure torsion
B. Triaxial torsion
C. Specimen shape
1. Solid cylinder
2. Thick-walled, hollow cylinder
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III.

IV.

TABLE A2,.15.

Rectangular parallelepiped
A. Short

B. Long

C. Cubic

Cylinder

A. Solid
1. Short
2. Long

B. Thick-walled, hollow
1. Short
2. Long

Plate

Other

SPECIMEN SHAPE
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TABLE A2.16. SUMMARY OF CHARACTERISTICS OF RESEARCH MATERTIALS

Texas Trilaxial Test

Compaction Actual Unit
Characteristics* Weight, DA Average Failure Stress At
100% Moisture Indicated Lateral
Optimum Maximum Compaction After Cap- Pressure, psi
Moisture TUnit Weight Ratio illarity Triaxial
Designation Description Gradation % pcf pef % 0 psi 15 psi  Class
Fine 7.3 133.9 ----- 7.4 18.1 147.7 3.0
HP-27-8 Rounded Medium 6.8 135.4 133.8 7.0 23.8 158.7 2.8
Coarse 6.7 135.2 ----- 7.3 23.2 161.9 2.7
Fine 7.3 133.9 ----- 7.0 42.1 223.2 %%
HP-27-9 Angular Medium 7.0 136.0 136.0 6.8 62.1 246.9 1#kk
Coarse 6.8 137.7 ----- 5.9 57.7 270.7 1wkdk
Fine 11.9 124.2  ----- 11.5 28.8 169.5 2.5
HP-27-10 Soft Medium 11.9 1242 124.3 11.6 52.0 167.8 2.1
Coarse 11.9 124.2 ----- 11.3 48.2 175.4 2.1
* Compactive effort = 13.26 ft lbs per cu in.
*% Towest classification of HP-27-9
*%% Medium classification of HP-27-9
*k%% Highest classification of HP-27-9 (Continued)

KAXA



TABLE A2.16. (Continued)

Plasticity
Los Angeles
Liquid Abrasion
Limit Plasti- Linear (""A" Grading) Classification
Liquid city Shrink- Texas Wet Specific Permeability
Designation Description Gradation Class Index age 100 rev. 500 rev. Ball Mill Texas Unified Gravity ft/day
Type By, ey 9 4 e
Fine 37.2 Grade 3 GMd 2.64
J Type B,
HP-27-8 Rounded Medium 21.3 7.4 5.6 7.2 27.3 36.2 Grade 3 GMd 2.63 0.006
Type B
2. ’ 2,65 =00 o—ee--
Coarse 32.0 Grade 3 GMd 65
. Type A, . 9 4l
Fine ' 39.0 Grade 2 GMu 2.64
. Type A,
HP-27-9 Angular Medium 17.8 2.3 2.4 6.8 25.3 36.1 Grade 1 GMu 2.63 0.003
Type 8, .. o ¢z .
Coarse 33.5 Grade 1 GMu 2.64
Type A, . o5 g7
Fine 50.3 Grade 2 GMu 2.67
- - Type A,
HP-27-10 Soft Medium 20.2 4.8 2.7 19.0 57.9 47.8 Grade 2 GMu 2.67 0.002
Type A, 0. o9 7 e
Coarse 481 Grade 2 GMu 2.67

GEC
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APPENDIX 3

OUTLINE OF COMPUTER PROGRAM AVAILABLE FOR ANALYSIS OF STRESSES,
STRAINS, AND DISPLACEMENTS IN A FIVE-LAYERED ELASTIC SYSTEM
UNDER A LOAD UNIFORMLY DISTRIBUTED ON A CIRCULAR AREA



APPENDIX 3. OUTLINE OF COMPUTER PROGRAM AVAILABLE FOR ANALYSIS OF
STRESSES, STRAINS, AND DISPLACEMENTS IN A FIVE-LAYERED
EIASTIC SYSTEM UNDER A LOAD UNIFORMLY DISTRIBUTED ON A
CIRCULAR ARFA

This program was developed by H. Warren and W. L. Dieckmann of California
Research Corporation, Richmond, California, in 1963 and is based on the solu-
tion which was used by Mr. J. Michelow (California Research Corporation) in
his analysis of multi-layered asphalt pavement system. The following is the

outline of the computer program (after Ref 167).

Introduction

A. The program computes the following items numerically at any point in
the layered system for a given load on a circular area of the free
surface:

1. wvertical, tangential, radial, shear, and bulk stress;
2, wvertical displacement;
3. radial, tangential, and shear strain.

Note that a cylindrical system of coordinates is used,

B. The following input data should be provided:
1. the wheel load (total load);
2, tire pressure;
3. load radius (= total load/n X tire pressure);
4, for each layer, layer number, modulus of elasticity, Poisson's

ratio, and thickness.

Description of the Layered System

The system consists of (5) layers of different homogeneous, ideally
elastic materials. Each layer is of uniform thickness and infinite
dimensions in all horizontal directions, stratified vertically over the
semi-infinite bottom layer., Figure A3.l shows complete details of the
system.

Limitations

A. There are no body forces or couples present and inertia forces are
neglected.
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B. Stresses and strains small enough to be described in an infinitesimal
elastic theory.

C. The load is uniformly distributed over a circular area.
D, The system is axisymmetric (z is axis of symmetry), which requires

that each layer is uniform, homogeneous, and isotropic.

Summary of the Mathematical Model

For a cylindrical system of coordinates, the components of stress are:

Oz = wvyertical stress

Or = radial stress

Oy = tangential stress

T T = shear stresses.

T
zr > r9 ? z6

and the components of displacement are:

u the radial displacement

v the tangential displacement, and

the vertical displacement.

Because of the symmetry of the system under consideration (z axis is
an axis of symmetry):

T z6

Satisfying equilibrium and compatibility conditions and solving for
the stresses, strains, and displacements, one finds that with each layer
there are four unknowns (A, B, C, and D).

In total there are 4N unknowns to be solved from 4N boundary condi-
tions.

Boundary Conditions

A, The assumption that adjacent layers are bonded and no slip occurs
at the interfaces (rough interface) gives (4N-4) boundary conditions,

i.e.;

1, ¢ = Il
iz iz
i i+l

2, w = W
i i

3 i _ it

* i'rz irz

i .

4, u = 1+].u
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Super- and sub-prefixes refer to the layer number and the interface

number in the system, respectively.

B.

The load situation at the surface gives two boundary conditions:
1, ¢ = -p 0<r<a, z=0

2. 1. =0 0<r<w®, z=0

The two last boundary conditions result from the requirement that the
stresses, strains, and displacements are finite at infinite depth.
This will lead to the fact that two of the unknowns of the bottom
layers are zero.

1, AN = 0

0

N

.

=]
1

At this point one has 4N unknowns and 4N boundary conditions,
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Read
material

parameters
and program
control data

Y
Read

wheel load data
for NL load groups

Calculate

L, mean value of axle
load group

A, radius of contact
area

Print
wheel load data

No_| Read

material data for NM
materials including
monthly variations of
elastic modulus

i
i
H

Yes

Read

material data for WM
materials with no
monthly variations of
elastic modulus

'

Fig A4,1. Flow chart.

(Continued)
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4

I

Calculate ‘
EA, elastic modulus with
confidence level (for use
in Part Ome)

]

Calculate
151, product of NM
confidence levels

Print
material data

!

Read and print
fatigue curve data

No Read and print
X, actual monthly
traffic data for
each year and each
Yes load group
Use
monthly traffic
percentage
No Read Y
TRAF, traffic
percentage for each
month of design
Yes period, Y
TRAF,
monthly traffic percentage
constant = 0.08333
Print N\
TRAF monthly traffic
percentage :

Fig A4.1. (Continued)
(Continued)
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Calculate
for ea
and fo
of des

TR (

X =N

where
TR =
GR =
N =

1

X =

TRAF = monthly traffic percentage

ch load group
r each year J
ign period

J-1
1+ GR)( )
* TR * TRAF

traffic due to growth for year J
traffic growth rate
number of applications in I year

monthly traffic

| PART ONE CRACKING INDEX |

[

Calculate

RK, the K value corresponding to
LN1, the confidence level for
theoretical N

[

mean and

By use of LAYER subprogram, calculate
tangential strain under the load at bottom
of asphalt concrete layer for each monthly

confidence value of elastic modulus

and for each load group

Calculate

Ne = 10
where

log(A * TS ) - RK * SDL

Nc = theoretical number of repetitions
(confidence level)
A = constant of fatigue curve
TS = tangential strain from LAYER
calculated by using EA, confidence
value of elastic modulus
B = slope of fatigue curve
SDL = log of standard deviation of fatigue
life
RK = K value for confidence level of
theoretical N

B \

i

Calculate

where

ca

-B

Nm = A * TS

Nm = theoretical number of repetitions
(mean value)
A = constant of fatigue curve
TS = tangential strain from LAYER subprogram

lculated with E, mean value of elastic

modulus
B = slope of fatigue curve

'

Fig A4.1. (Continued)
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!

Calculate
PK, K value corresponding
to sum of confidence level
for elastic modulus and
confidence level for theoretical N
from fatigue equations

Calculate and print
X/Nm and X/Nc
ratio of actual repetitions to
theoretical repetitions (mean and
confidence levels) for each month

i
Calculate
for all load groups for each month
TZ(X/Nm) and T(X/Nc)

Calculate
AK = -1log(TZX/Nm)/[log (xxX/Nc) - log(TIX/Nm)/PK]
where
PK is defined above

[
Calculate and print
CI = AA * 1000
where
CI = cracking index of month
AA = Z value of AK

Y
END OF PART ONE
CRACKING INDEX

| PART TWO RUT DEPTH|

Read
R, unit weight of material
DRC, radial pressure for which
deformation characteristics
of the material are given

[

Calculate
RD composite weight of layers
H composite thickness of layers

'

Fig A4.1. (Continued)




#

Determine and Print \\\\
for each layer and for each month of

design period
strain to beginning of month and
strain through month by use of
regression equations with cumulative
applications and design vertical

252

stress for highest design load group

Calculate and print
for each month and each layer
except subgrade deformation due to
strain to beginning of month and
deformation due to strain through month.
Deformation = strain * thickness of
layer/100.

i

Calculate and print
for subgrade
D = (STR * V. DISP * E) / (V. stress

-2 * Ny * R. stress)

where
D = deformation
STR = strain from regression equations
V. DISP = vertical displacement at sub-
grade due to design load group (LAYER)
E = elastic modulus of subgrade
Nu = Poisson's ratio of subgrade
R. stress = radial stress at subgrade
due to design load group
V. stress = vertical stress at subgrade
due to design load group

Determine and print
deformation for each month as the

difference in deformation to the
beginning of month and deformation
through that month,

cumulative deformation for each layer
at each month

Rut Depth = cumulative deformation for
all layers of each month

[
END OF PART TWO
RUT DEPTH

r
GO TO START|

Fig A4.1. (Continued)

(Continued)



Calculate

for each material

DROB =
DZOB =
where
DZOB

DROB =

Ny =

(Nu/1-Np) * RD * H
RD * H

vertical pressure due to
overburden

radial pressure due to
overburden

Poisson's ratio for material

]

By use of LAYER subprogram, calculate and \\\\
print vertical and radial stresses at both
interfaces of each material layer except
asphalt concrete layer; and vertical dis-
placement, vertical and radial stresses at

subgrade

due to design load

!

Average

for each month and each material except
subgrade the two values of vertical stress
for each layer and also the two values of

radial
VSav =

stress. For example:

1/2 [vertical stress at top of layer
+ vertical stress at bottom of layer]

A

Calculate

and print

for each month and each layer
1. mean vertical stress

2. radial stress

3. design vertical stress

Determine

strain corresponding to design vertical
stress and radial stress and number of
load applications by use of regression
equations of deformation characteristics

of material

[

Calculate

and print

equivalent highest load group axle

applications and cumulative applications

for each month of design period.

Fig A4

&

.1. (Continued)
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APPENDIX 4.2

LISTING OF COMPUTER PROGRAM FOR CRACKING INDEX AND RUT DEPTH INDEX



10

13

12

13

14

15

20

A OODGTOOO00: Y M

1
1
g
4

DATA MoNTH /10M  JANUARY
1 10K APRIL s, 10M  May 10K JUNE

. 10H SEPTEMBER o
o« 104 DECEMBER 7/

2

3
INTEGER g, @le Q2

PROGRAM CRKCEK(%NFUT. QUTPUTy TAPES={nPUT» TApE2, TaPE3, TAPEM)

COMNON /i aYy

123e NU(S1y NMy TMIN(S)s IMy NLs a12034

TIRE(20}e EA(S, 12)s URCB{S)}s N20B(S1e RUIS), EH¢5),

DRC(5)
CCMMON /7PRINZ
*

ps®
COMMON /Du&hv/ Lit20ye L2(20)y N(20),

AN1013s 5y 2070 AN2(13, Se 200+ ANI(13s Se 20}
3)s NiBe {(20)s MAT(S), MONTH{12)
TR{20)s X(20), ANS(12}

TITLEIB) e TRAF(12)+ CONF(SIe SIG(S)¢ ENtZ2s 12)s ENNTI480)»

DEF {1}

LI x SgRA

S)e azrot;z- S)s DEFC(15r S)s OEFTOT(12)s DEFN(12s
Int12y 5,200 CH(4, 123, EQ(4, 129 H(S)s R{5),

2X(12, 20), THN!20), 1TH({400), 14C(400)
DATA NO/2HNO/
CCMMON /CaAL/ Wy 1DX(20)
s loM FEBRYyARY .xon

108 JuLy
106 OLTOBER

s 1QM  AUGUST
v 104 NOVEMBER

REAL Ly L1y L2y Ne NUe LNle LS51, LSN
CONTINVE
Do 11t = 1, 12
TRAF(I) = 0,08333
DEFTOT(I) = Q0.0
D0 12 1 = 1, 48
Mty = 0,0
EQ(I} = 0,0
00 13 1 = 1,y 60
DEFLI) = 0,0
CEFDLT) .0
DEFCII) o0
DEFC(IN o0
STRAIN( 0.0
{ } = 0l
*

0

STRAIN
0014 1 &1
ENNTLD)
00 15 1 = 1y 1300
ANLLD) = 040
AN2{(1) = 9.9
ANI{I) = 0,0
READ (5,980) TITLE
IF (EoFe 5) S10,20
PQINT 990, TITLE

=0
90
0
I -
1469
489
.0,

v = ¢
FEAD MATERIAL PARAMETERS

QE&Q (501000) NLe NMy LDOFs LMOF, ve GRe 90+ Qls G2, TESY

NUMBER OF AXLE LDAD GrOUPS

hﬂ NUMBER OF MATERIALS (MaxIMUM OF FIvE}

LDOF LOAD DISTRIBUTION FACTHR, RATIO

LhpF LANE DISTRIBUTICN FacTors RATIO

¥ DESIGN PERIODs YEARS

GR TRAFFIC GROWTH RATEs RaTlo

1} PROVIOE NO IF THE ACtUAL TRAFFIC DATA FOm

EACK wonTH 1S NgT GIVEN

(-3 PROVIDE ~ NO  EF THE WONTHLY TRAFFIC
PERCENTAGE OOES NQT VARY

w2 PROVIDE NO IF THE ELASTIC MOOULUS VALUE

OF THE DIFFERENT MATERIALS DO NOT VARY MONTHLY

MApGH

G WA S e

¢ TEST LEAYE alawnx IF CALCULAT]ONS FOR BOTH ¢RACKING
[ IADEX ahp AUT PEPTH
¢ PROVIDE FOR CnACNING INDEX ONLY
[ PROQYIDE 2 FOR RUT pEpTH ONLY
[
I READ ANC EQLCULATE WHEEL LOAD DAYa
M=
N1B = g
GO 36 1 = 1, h
READ ISelplo) Latlte L2i1%s NIDY» TIRE(ID
[ Li=L2 AXLE LOAD RANGEe xIPS
¢ [ NUMBER OF AXLE APPLICATIONS IN WHEEL LOAD GROUS I
[+ In FIRST YEAR OF ANALYSIS
[ TIRE TIRE PRESSUREs pS]
4
LI} = Ly e 2(111r2,
IF (L) #6Ts L(MY) N = ]
IF tL(]) eECe 18.,0) N1B & T
¢ nla INDEX OF 18~KIP LOAD GROUP
¢ OR INDEX OF HIGHESy LOAD GROyP IF 18K NOY
[ AVAILABLE
19 AL} = SCRT(318,309772,%L (1) /TIRE(D))
. IF (%18 EG. 0) N1B = M
[
¢ L MEAD valLUg OF AXLE LOAD SROUP, KIPS
¢ A Ra0IUS OF CONTACT AREA
<
PAINY 1020+ (L1(I}s L20120 LU{IDe TIRECI}e NC(I)e T = 1¢ NL)Y
PRINT 1030+ LDOF, LNDFy ¥
. 1F (GRAE.0,00 pkInT 1038, 6R
c
) v =]
[ A }  IF ELASTIC MCDULUS GOES NoT VARY MONTHLY
4 12 IF ELASTIC MORULUS DOES VARY MONTMLY
L8l = 1,
00 To M = 1o Am
IF (03-001 GO TO 40
REAC {Sel0401 MAT(M), TWIN(M}y Ny(My, CONF(M), SIG(m)» E(Me 1)
GO TO S¢
a0 M o= 12 .
READ (S91050) MATIM), THMIN{MY,y NiUi{M)y CONF (M) SIGIMI ¢ (F (M,
. 1 IDe 1 % 1o IM)
¢ wAT MATERIRL IDENTIFICATIOy
¢ TMIN MINIMUM A LOWABLE THICKNESS, INCHES
[ L3 PCISSONS AaTIO
< CONF CONFIDENCE LEVEL FOR ELASTIC MODULUS
[ Sis STANDARU DEVIATION OF ELASYIC MODULUS
4 EXPRESSED AS A PERCENTABE OF THE MEAN VALUE
¢ ALSC EQUAL TO TrE COEFFICIENT OF VaRIaTION
¢ 4 ELASTIC MODULUS YaALUE, EITHER PROVIDE ONE
c VaLUE FOR EACH MONTH DR ONE CONSTANT VALUE
< IF 02 = no
s
¢
50 CONTINUE
L51 ® LSI*CONF (M)
[ L5 PROCUCT OF ALL CONFIDENCE LEVELS

CRK

A



1F (TEST «EG. 2.0} 6O TU 79 CRK 116 ¢ IF TRAFFIC PERCENTAGES ARE CONSTANT FOR EACH DESIGN YEAR, CRK 174

DO 6p 1 = 1,y 1M . CRK 117 ¢ THESE VBLUES May HE OMITTED IF Q) = NO CRX 7S

60 EA(My 1) & ElMy 1)=ALPHA(CONF (M)} 2SIG{(M}/)00%E (My 1) CRK 8 163 CONT InUE CRK 176

c EA ELASTIC MoDULYS AT CQNFIDENCE EVE_ CRK H*’ 1F ()1=-AD) READ (5,41200) TRAF CRK 177

70 CONTINUE CRK 120 c THaF TRAFFIC PERCENTAGE OF MONTH CRK 178

c CRK 121 SUY = 0.0 CRK 179

[ PRINT MATERIAL PaRAMETERS . CRK 122 CO 17a 1 a 1y 12 CRK 180

PRINT 1060+ (MAT(I)y I x 14 NN) CRK 123 170 SUV = SUMeTRAF (1) CRK 18l

NS ® NF-} CRK |24 PRIAT 12104 (MOATF(I)s TRAF({I}s I & 1+ 1214 SUn CRK 182

PRINT 1070y (THINII}y I @ 1o AS) CRK 125 ¢ CRK 183

PRINT 1080, (NU(I)y I m 1y NM) CRK 126 c CALCULATE YEARLY TRAFFIC GROWTH CRK 186

. IF (TEST «NEe 2,0) PRINT 11600 (SIG(J)y J & 19 NM) CRK 127 €0 180 « = 1s 1Y CRK 185

c . CRK 128 180 TR{J) = (1,+6R)ee(J=]) CRK 1B6

1F (02 +EQ. NO) @0 TO 100 CRK 12% T TR TRAFFIC DUE TO GROWTK FOR yEAR CRK 187

PRINT 1090y MONTH CRK 130 c CRK 188

IF (TEST +EC. 2,0} GO TO 90 CRK 131 ¢ CRK 189

00 B0 1 = 1, AM crK 132 r CRK 190

PRINT 1100, MAT(I)y CONF(J)y (EACI, Jyy 4 s 1, 12y CRK 133 P FRINT TRAFFIC DATA CALCULATEO FrnM TRAFFIC PERCENTAGES CRK 191

80  PRINT 1Ilps (E(Is J)y U = 10 1) CRK 134 c ANp TRAFFIC GROWTH RATE ANO AXLE APPLICATIONS CRK 192

GO To 110 CRK 135 IF (q1-A0) 20001904200 CRK 153

90 PRINT 11204 (MAT(I}y (EqIv o J a 1e 1209 I & 1y NM) CRK 136 190 PRINT 1¢20 CRK 194

60 To 110 CRK 337 €p Tp 210 CRK 195

100 PRINT 1130s (E{Js 1)y J = 1v NM} cRK 138 200 PRINT 1235, MONTH CRK 196

IF (TEST +EQs 240) GO TO )20 CRK ;139 210 €O 250 « ® 19 NL CRK 197

PRINT 1140, (EA(JY I)s J & 1y NM) CRK 140 IF {Qy=AD) PRINT 1240s L{J} CRK 198

PRINT [150s (CONF(J)y J = 14 AM) CRK 141 LO 250 & = 14 1Y CRK 199

110 CONTINUE CRK 142 €O 220 x = 1y 1 CRK 200

120 CONTINUE CRK 143 220 X (K} = N(JY@TR (M) ®TRAF (K) CRK 201

_ PRINT 999, TITLE CRK 144 ¢ X MCNTHLY TRAFFIC CALCULATED FROM PERCENTAGES, CRK 202

c CRK 145 c GROWTK HATEs AND LOAD CRK 203

c CRK 146 IR = [Rel CRK 204

c READ aNC PRINT FATIGUE CURVE OaTa CRK 147 c IR INDEXx FOR IOBIN WRITE OF TRAFFIC FOR vEAR CRK 205

READ (S¢1010) Als By SOLOGs LA CRK 148 caLL I0BIN (6nWRITERs 3, X({)1)s 12+ IAC(IRY) CRK 206

c 21 CONSTANT oF FATIGUE CURVE CRK 149 IF (Q)=h0) 23042304740 CRK 207

¢ 8 SLOPE OF FATIGUE CURVE CRK 150 230 PRINT 1250 L (J)s Mo A(1) CRK 208

c SOL0G STANDARD OEVIATION OF FATIGUE LIFE (LnG) CRK 181 GO T0 250 CRK 209

[4 LNy CONF IDENCE LEVEL FOR YWEORETICAL N CRK )52 280 PRINT 126D My (X(K)y K = 19 12) CRK 210

c CRK 153 250 CONTINUE CRK 21)

c TEST s 2 SKIP CALCULATIONS IN PART ONE CRK 154 6o Tp 271 CRK 212

IF (TEST «EGs 2.) Go To 150 CRK 155 260 Al = 2K CRK 213

PRINT 1179, Al, B, SDLOG, LN} CRK 156 PRINT 12304 MONTH CRK 214

¢ CRK 157 DO 270 « = 1+ NL CRK 215

c CRK 158 PRI.T 1235y Lt CRK 216

c CALCULATE TANGENTIAL STRAIN FOR EACH LOAO GROUP AND CRK 159 . 00 270 ¥ = 1, 1Y CRK 217

c LAYER THICKNESS(CONF, AND MEAN VALUE} CRK 160 c . CRK 218

c CRK 16} c IF Qo IS NCT NO, READ ACTUAL TRAFFIC DATA CRK 219

1F (@2 +NE, NO) GO TO 130 CRK 162 c GIVE MOATHLY VALUES FOR EACH YEAR FOR FIRSY LOAD CRK 220

PRINT 1199 CRK 163 c GROUP., THEN REPFAT SET FOR ADDITIONAL LOAD GROUPS CRK 221

13¢ CaLL LAYER (IM, 1? CRK 164 c CRK 222

150 CONTINUE CRK 165 READ (S+1270) YRy (X(I}y I = 1y 12y CRK 223

Cc CrRK 166 c X MCNTHLY TRAFFIC ValLUE CRK 224

1y s ¥ CRK 167 c Y ICENTIFICATION VARIABLE CRK 225

IR = 0 CRK 168 PRINT 128ns YRs (2(I)s T = 1y 12) CRK 226

IF (Oo-hO‘_ 260,160,260 CRK 69 1R ® Ike] CRK 227

c HEAD TRRFFIC PERCENTAGES FOR EACH MONTH CRK 170 ca . loBIy (6"wRITER, 3, Xi1}s 124 IAC(IR)) CrK 228

¢ #%s ONLY ®®& IF ACTUAL TRAFFIC paTa IS NOT GIVEN CRK 171 270 CONTINUE CRK 229

[ CRK 73 271 CONTINUE CRK 230
¢ CRK ]7

c CRK 231

96¢



IF (TeSY €6, 2,00 60 TU Egp

[«
C CALCULATE THRECRETICAL REPETITICNS BY STRAINS FANM
c LAYER SLBROUTINE

Rx = AL PHA(LNL)
. 1t =0
[4 L4 K yALYE CORRESFCNDING ¢o N1
Iy 17 INDEX FOR JOBIN WRITE nF THEORETICAL TRAFFIC
C

IWl & fwe)

LO 4gp 1 = 2+ fw1e 2
1pg ® (I‘l!/z

IF (ly-1) Go 10 289
PRINT 1290, LN]
60 Y0 290
280 CONTINUE
PRINT 1300s L{TI219 MONTH
290 CALL 10BIN (TrHEACSKPs. 29 ANS(1)y IM, IDX(]))
1w INDEX FOR T0B1N READ OF STRAINS ANS
ANS TANGENTIAL STRAIN AT anTTOM OF ASPHALT
CONCRETE CALCYULATED IN SUBROUTINE LAYER
USING CONFIDENCE LEVEL OF ELASTIC MOpULUS

[alislieNeNel

CO 300 « = 1+ 1IN

300 TRA(J) 5 10,.%% (2 0G0 LAl "aNS 1 1 ## (~] ] ~RK*SDLDG)

¢ THN THECRELICAL NUMBER OF REPETIgIOHg FROM

< INPUT FATIGUE ECUATION af ONE SEECIFIEO

I CONFIDENCE LEVEL
If (Ime1) 320+320+310

310 PRINT 1330, LNLs (Tunldye o ® 14 12}

6¢ To 30

1t MODULUS IS CONSTaANTy THN IS CANSTANT
az0 sav = THh(;}

Op 330 ¢ = 2, 12
330 THA(J) & SAY

iaEsaal

1 INDEX FOR JOBIN WRITE OF THN
340 1T = ITe}
cALL LOBIN (6HWRITER, 4, THN{1}s 125 ITRIITH)
11 = I-1
1 « 1 15 ustl BECAUSE 1w THE LAYER SUBPROGRAMy THE
STRAINS ARE WRITEN ON TAPEZ IN ALYEGNATING OROER ~-
FEAN | EVEL AND CONFIDENCE LEVEL
CALL 1081~ {IRREADSKPs 2, ANS(I}, I8, IDX(I1))}
TANGENTIAL STRAIN AT gnTTOM OF aSPRALY
CONCREYE CALCULATED IN SUBROUTINE LAYER
USIRhG mEan YALUE OF ELASTIC MODULUS
00 35S0 o % 1 IM
3se THR (J) & A1SANG(J) % (mn)
Thn THECRETICAL NUMBEm OF REPETITIONS FROW
INPUT FATIBUE ECUATION AT SOME SPECIFIED
MEAN LEVEL
1F {Im=1) 3704270+360
160 PRINT 1229, (THN(UY, o = 1y 12}
60 Yo 390
31 00 380 « = 2y 12

[aBaRs T ¥ s Nl

Y ey rye

CRK
CRK
CRK
CRK
cRK
CRK
CRK
CcAK
CRK
CR%
CRK
CRK
CpK
CRK
CRK
CAK
CRX
CRK
CRK
CRK
CRK
CRX
LRE
CRK
CR&
CRK
caK
CRX
[d:13
CRK
CRK
CRK
CRK
CRK
caK
CRE
CRK
CRX

CRK
CRX
CRX
CRX
¢cRK
RN
CRK
CRX
CRX
LR®
CRY
CRK
CRK
CRK
{RK
CARK
CRR
CRX
CRY

232
232
234
23%
236
237
238
239
240
2483
242

43
fa
245
246
247
248
209
50
25l
252
253
254
255
256
287

2%%
262
&
%62
263
264
265
266
267
268
269
270
21
2R
213
274
218
276
217
218
219
F3: 1]

281

282
283
284
28%
288
287
208
28%

150
Q¢

400

¥y

Ty

(o B ]

418

Ia)

22

&30

Ay

[3-1-

460

Ter(d) ® Tun {1y
saleT p33ny LOIZYe SaV, TRN(I)
1T = {14
Capt T0uln (6 WhkITER. 4, TrAN{IY s 12, TTH{IT))
CUNTIMUE

LS ® LS1epN]
PK = ALPRA(LSNY
LYN SLM OF CONFIDENCE LEVELS OF ELASTIC MnDUWLUS
ANC FartlGue EQUATION
P K VALUF CORRESPENDING Tn LSK
PRInT 990, T1TLE
NLN % D
N = 0
MM w0

CALCULATE RaTlO oF N ACIUAL TO N THEORETICAL
CC 435 1 = 19 NL
FRIAT 134y LII)y MONTH
ik = ¢
N 8 NA#]
caLl JOBIN {(THRFACSKPs 4o LIt11e 12+ ITHINN)]
NN W mnoé
catl IOBIN (TrREALSK®, &, THN{1)s 12, ITH(NN))
L0 4«3p #0 = 1v 1¥
MM ® gpoe .
cacl 1By (7riMEALSKpy 3, X(11s 12, TAC(MMII
Ut &10 11 » 1, 12
EN(ls 11} » KirpasLielny
FNEZy 110 » XD ZTHALIYY
LS § gﬂylo of PoNTHLY TRAFFIC 1o MEAN pfplyltigng
ene2) $8 CONF. REPITITIONS
IR » liey
ENATUIR) w gONTIIRISEN(1s 1%
1R ® IRel
FunT (TR = EnyTiIR)I$EN(2y 1Ty
ENNT CLMLLATIVE SUM OF EN
palmT 116r. MOv LSNy CLENTULe 1109 1] = v 1206 g1 w 1o 2
PaGE SxIP CONTRCL
NLR w hLAhea
IF (NUN=A8] 430,420,420
LR S )
FE{NT 699, TITLE
PEILT 134n,y L1}y MONTH
CONTINUE
CC 440 1 = 3y 1R, 2
ENRTUL) & ENAT(1+ENNT (=2,
ENAT L1410 = ENNT(IS1)oENNT (T}
fay»T1 137n
LS R O |
LO 49~ , = 1y IRy 2
It (NEN=48) 8a804450,450
L R N
PRIMT g9n, TITLE

PRINT 1374
MR B KLBhS]
J2 s tuelrze

RK
Eax
CRK
cRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRX
CRK
CRE
CRK
CRX

CRX 3

CRK
CRK
CRK
CRK
CRK
CaR
CRK
CRK

1.8
CRK

CRK
CRK
CRK
CRK
CrK
CRK
CRX
CRX
CRK
CRK
CRK
CRK
CRX
CRK
CRK
CRK
CRR
CRK
CRK
CRK
CRK
CR&
CRK
CRK
CRK
CrK

231

322
323
324
428
326
327
328
129

331
132
333
334
319
336
137
338

340
341
342
143
LT
3‘2
34

347

IAYA



470

480

490
%00

LI O YOO

e TaTotatalal s EalisNoleloke Nalelly Xsiie y)

©e

510

GO 4Tp JJ = Y 2
L1€JJd) = ENNT tjegdey}
IF (Liedd)) &7¢,480,470
L2tJJ) = ALOGYo (LY (Jd)Y
SOL » (LE(L) =L 2(2))/PK
AK = =L2(2)/50L
AA ® XNORM{AK, g 1}
Cl = AA®; 0083

lwaINT 1380y J2» SNe L2110 L201)s SDp s AKy AAy CIy 14230

L2123
GC 10 45¢
ZERD = 040
pRINT 1390 J2, LSN, (ZERD, Il « %y &)
CONTINUE
CONTINUE
IF (TeST +EQs len) 50 TO 970

faMT THO

1z NUMBER OF DEPTHS FOR CALCULATIONS
1Z = New}
IF (IM «EGe 1) PRINT 1400
CapL LAYER (IMy 123

CALCULATIONS OF CONFINING AND VEQTICAL PRESSURES
DUE To CYERBURDEN

® UNIT welGMT OF WATERIA| (LB/CU IN)

0208 VERTICAL pRESSURE OUE Tn OVERBURDEN

0RpB RaDIAL PRESSURE DUE 1O OVERBURDEN

OKe IMPUT RADIAL FRESSURE FOR WHICH CURVES ARE
GIVEN FOR MATERTALS

(3] INPUT PARAMETER To CaLTULATE CORRECT paADIaL

PRESSURE FOR GIVEN CURVE. VALUE IS 0 wHEN
REGRESSION EQN IN NsZ1,23 AND E 15 GIVEN

READ (S,1s10; (Rtly, EMiTy, DRC(l,, I = 1, MM,

RDI{1) = (R{yI+RIZI®048) /1.5
RD(2) = (RIjI¢R(2I+R(3)*9.5) /245
RDI3) = (R{}}eR12)9R()) 73,

RO COMPOSITE wEIGMT

[ COMPOSITE THICKMESS

D0 510 I = 1, wNm
EM(TY & ABS(Em(1}}

IF (DRC(I) .Egs D03 DRC(I) » 1,
HIL) ® TMIN(1)«TMIN(Z}00.5
H(2) ® TPIN{LII«TMINI2)}4TMIN(3)®08
H{3) = TRIN{}}+TMIN(Z}«THIN(q)

00 520 1 = s NS

CRK
CRK
CRX
CRK
CRK
CRK
CRK
CRK
CaK
CRK
CRK
CRK
crK
CRK
CRK
CRK
CRK
CRK
LRK
cRK
CRK

CRK
CRK
CRK
CRK
CRK
CRK
[el-03
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRX
CRR
CRK
CRK
CRR
CRK
CRK
LRK
CRK
chK
CRK
CRK
CRY
CRK
CRX
CRK
CRK

szt

(s AINN s BN e Eale N

53¢

s Relalis

540

Otion: 0O o

550

560

576
580

e ke tall

MO0 0 O

590

K = 1o

nﬁceizi EONUIK) /(] embUKII®RD T *HLT)
nZCHITY % An{1jeH(T}

LG 540 1 % T8 Ny

U0 Sen K & 1 IM

00 530 vi % 2v AS
J = Jlel

BASE ANC SUBBASE CaALCULATIONS

ANL Iy Jr I1 = AN1{Ke Jo 1}eDZ0OB{UY}
¥EaN VERTICaL STRESS )

ANI(Ky Js I} = aM[N1(=1,0, (ANI(K, Js 13=DROB{J1I))
Faplap STRESS

S1 % (ABS{ANIIK Je LV)®agM(g1))

ANZ(Ky» Jr» [} = AN%(K- Jr 1Ie(ORC(J11I/SE

ANE(Ke Jo 11 = SIGNIANZIN, Js D) ANIIK, U, 1))
DESIGN VERTICAL STRESS

SUGGRADE CALCLLATIONS .
ANYIRy NS, 1) = ANII(Ks NSy T)*2.0-D20BINS?
rEaN YERTICAL STRESS

aN3(Ks NSy I) = AMINj(ejeps C(ANI(Ke NS¢ 1) #240-OROBINS)))

fapia, STRESS B
ARE(Re NSe I) = ANDIIKs NS» 13 eDRC(NM)=ANF (Ke NSy I}
CESIGN VERTICAL STRgss

M=y ELASTIC MODULUS YALUE CONSTANT MONTHLY
IF (ImM«]) 550+550'580
GO 5715 ¢ » 34 12
GO S60 v ® 1s S
Efuy M} = Etu, 1)
00 Sk I = 1+ NL
ANy (B Je 1) m AN (3 0 1)
ANZ My Je 13 = AN2(Ys J, 1)
AN3 My e 1)} = AN3L{Y2 U 1)
EiRMy wi = EiNm, 1)
Co ST0 1J » I+ 3
OSF(My T4y = DSP(1y Iy
CONTINUE
CONTINVE

PRINT DESIGN CONFINING PRESSURE AND VERTICAL PRESSURE

NLA B g
AN HUMBER OF LINES PRINTEG «- PAGE SKIP cONTROL
CO 860 I1 = 19 N

ANT (MONTHOMATERTAL 4LOAD GROUP)
1 = ; VERTICAL STRESS MEAN

1 = 2 VERTICAL STRESS OUESiow

1 = 3 RADIAL STRESS

IF (N n~45) 60045504590

PAINT 990, TITLE

NLh ® g

06

408
409
410

4
i
413
414
1S
416
«17
418
“19
420
42

42

423
424
425
426
27
428
Pt
430
431
432
433

435
436

438
439
440

442
443
444
445
446
447
448
449
450
451
a52
452

455
45¢
457
458
459
460
461
462
463

867



600

R alz]

610

620
630

oY

640

>
ul
o

o
-
-]

[alaMuXalelialslel)

OO0

680

[sNslalell

PRINT 1¢Zo. MONTH (1),
1

PRINT 1434,
1

NLA = NLNeNS*)3
NSl = NS = 1
MONTH(2), (¢
Nl(lt Ke I1)e ANZ(I Ky TI
v+ hSy)

I1), (MAT(K*1),
Yo ANI(Iy Ko If0e 1 = 10

2 }o
1PR[NT 1~21. HA*(N!)' DRC(NM) s (ANy{(Is NS» II)s AN2(Ts NS, I

(Is NSy ID0y T w 1y 2

MONTHS 3 THRQUGW 11 IN GRQCUPS OF THREE
DO 630 Ju = 1v 3
J3 = Jg®d
JS » J3e2
1F (NLN-QS) 62016104610
PRINT 990, TITLE
NLAN = 0
NLA = NLNeNSe)
(MONTH{UYs g = J3s JS)y ((AN)(Js Ks TI)y AN2(Js
Ko II)e ANJ(Js Ko TI)e J = Jys JS)se K & 1o NS

PONTH 12

IF (NLN-QS) 6500640,640
PRINT 990, TITLE
NLN = 0
NLK = NLNeNSe3 .
PRINT 1440, MONTM{12)e ((AN1(12s Ky T1)}s AN2{12+ Ko ID)e AN3(12s
Ko II})e K ® 14 NS)
CONTINUE

DETERMINE STRAIN CORRESPONOING To DESIGN VERTICAL
STRESS ACCORDING TO INPUT FATIGUE CURVES

DO 960 II = )¢ 1Y
00 670 'JJ ® 13 NL
J o= (JJ=l)o(ly)ell )
caLL IOBIN (THREACSKP, 3, X(1), 12, TACtJ))
DO 679 K = 1y 12
XX{JJe K} = X(K)
XX (LOAD GROUPy MONTH; TRAFFIC
LOOP wHICH INCLUOES SIX MONTHS FoR PRINTOUT PURPOSES ONLY
DO 960 'yJ = 1¢ 12+ ¢
DO 680 1 = 1y 12
0O 680 'w ® 14 5
AN1{13s J¢ I) = 0a0
J m JJeS

ANy (MONTHoMATERIAL ,LOAD GROUP) 1S NOW THE STRAIN
APPROPIATE TO TME CORRESPCNDING NESIGN VERTICAL STRESS
AN1(13swATERIAL o ONTH) IS THE CUMMULATIVE STRAIy

PRINT 1450, Ils (MONTH(I)» 1 = JJs 0}
DO 790 I = JJr J
IF (XX(1s 1)) 6909690720

CRK

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
cpKk
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRR
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRX
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK

CRR §

o0

[s1sNalslsh

690
700

T10

T20

730
740

750

760
770

780
790

a0

az0
Ado

840

ASo
A60

870

880

-

-

1IF (11=-1) 7502790+700
DO 710 k = y» NS
EQ{Ke I} = 0e0
1F (I LhE. 1) CM(Ky I)
IF (1 JEQ. 1) CM(Ky 1)
CONTINUE
G0 70 790
CONT INUE
DO 780 K = 1y NS
80 750 ¥ = 1+ NL
ANL(Ls Ko M) = POLY(XN(Ms I}e AN2(Le Ks M)o Ky AN3tT,
Ky M))
IF (AN1(Iv Ko N1B)) T3097504739
1F (Xx{N1Bs 1)) 740,7500740
Anltl3, Ky 1) u AND(13y K, 1)010."(‘N1(1' Ky H)
«ALCGloiXX(N18, I))/ANY(], K, N18))

& CM(Ks J=1)
= CM(Ks 12}

CONTINUE

IF (AN1{13s Ko I3) EO(Ks I) = ANT(13s o D)

€G EGUIVALENT 18~KIP APPLICATIONS

IF (1-1) 76007604770 _

[« ] CUMULATIVE EQUIVALENT 1a-KIP APPLICATIONS
CulKe I} = EG(Ky [)eCy(Ky 129

GO TO 780
CM(Ke I} = EQ(Ky I)¢CM(Ks Jei)

CONTINUE

ConTINUE

PRINT EGUIV 18-KIP APPLICATIONS 4ND CUMULATIVE sPPLICATIONS
PRINT 1460y (MAT(Ke])s (EQ(Ks I}y [ & JUr J)s» K s 14 NS)
PRINT 1470 .
PRINT 1460, (MAT(Re),, (CM(Ky Iy, I & JJy J), K = 1, NS,

DETERMINE STRAIN CORRESPONDING Tp CUMULATIVE 18-KIP
AXLE APPLICATIONS ANO OESIGN VERTICAL STRESS

PRINT 1480
DO 929 kK = 1, NS
DO 910 1 = JJs
IF (1.1} BOOvBGO.BSO
CONT INUE
IF (I1-1) B10+810+820
STFAIN(]? Ky 1) = 040
G0 To 880
IF (CM(K, 12)) 830,830,640
STRAIN(LY Ko 1) = Qo0
GO TO 660
STRAIN(LeY Ky 1) = POLY(CM(K, 120y ANZ(I, K, N1B)s
Ke ANI{I, Ko N18))=(ARS(ANZ(]s K¢ N1B}=2.0
SAU(Ke1)®ANI(Is Ky N1B))/EtKels 17)®100¢
Go To B€0
1F (Cu(x, I=1)) 860,860,870
STRALNI(TY Ko 1) = Qo0
€0 To aeo
STRAIN(I, K, 1) = POLy(CM(K, T.1), ANZ2(I, Ky N1B8),
Ks AN3{Is Ko N1s))-(Aas(ANz(I' Ke N1gl=2sp
ShUtKel)®aNa ([0 Ky NIBY)/E(Kels 1D1%100,
ConT Ik

CRK
CRK
CRK
CRK

CRK
CRK
CRK
CRK
CRK
CRK
CRK

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK

CRK
CRK
CRK

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
cRK
CRK
Cak

S22
523
524
529
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

545
546

667¢



-1
966

910

920

(e XN o 13 1)

o

92%

[sXslalalaTelolalsll

ferey e

OVOIVO Y

930

940

IF (CM(xs I3} B9GeR90+900
STRAINIIs Ky 27 = 0.0
69 T 910
CONTINYE
STRAINITY Ks 23 = POLYICM{K, )y AN2(Is K, N18),
.Kv(:Ng;X; :QINIS))'(AQS(ANZ(Il Ke Nlgl=~2.0
»,
CONTINUE NUGR# LI ®2 BTy Ky n1833/E(Kels 113100,

PRINT 1490y MAT(XS1), (STRAIN(M, Ky §3o M = Jde J)
LY

CONTINUE

PRINT 1500
PRINT 1490, (MAT(Kel)l, (STRAINIM, K, 2}, N » JJ, Ji, K s 1, NS

PRINT DEPTHM OF LAYERS

PRINT 1S1ge LIMATUI), TMIN(I})s I = 3, NS}y MAT(NM)

PRINT 152gs ({DSP{I, K}y 1 ® JUs Jis K = 1s )

CALCULATE DEFORMATION
EC 925 1 = 1+ 12

QEFTOT{I} = 0,0
00 950 AN » 29 MM

1 % NNej

DEF DEF?RNATION AT MONTH N oUE TO REPETITIONS THROUGH
MONTH N

CEFN DEFCRMATIONS AT MONTH N DUE TO REPITIONS THROUgH
MONTH (Ne])

CEFD OIFFERENCE BETWEEN DEFORMATION DEF=DEFN

CEFC CumMULATIVE DEFgRuATION THROUSM monNTH N

DEFTOY TOTAL CUMULATIVE DEFORMATION

00 950 Kk = JJe u

IF (NN EG. 2) DEFTDTIX) = 0,0
THIN(NHI  THEORETICAL THICKNESS OF SUBGRADE BASED ON
VERTICAL DISPLACEMENTs pOISSONS RaTIO,

ELASTIC MODULUSY VERTIZAL AND RADIAL STRESS ..,

IF (1 oEQs NS} TMIN{NN} = ARS(OSP(Ky 1)%E(NM, K)Z(DSP(K,
23=2«CONUINM) #DSP(Ks 310
CSp(MONTH, 1) VALUE AT SUBGRADE DUE TO 18-KIP LOAD
I=3 VERTICAL DISPLACEMENT
1= VERTICAL STRESS
I3 RADIAL STRESS

DEF (Ke I} w STRAIN(Ky I+ 2)@TMININN}/1D04
DEFNI(Ks 17 = STRAININ: Js JIeTMIN(NNI/}00,
IF (Ko1) 940,940,930
CONTINUE
OEFD(Xy 1) » DEF(Ke IM1=DEFNIKs 1)
DEFCIK: I} = DEFC{%«1ly I}eDEFDINs I}
DEFTUT(K) = DEFTQT(K)+DEFC K, I}
GO TO 950
CONTINUE
DEFO(ly I} = DEF{1s I;-DEFN}}, D)
DEFC(K, I} = DEFC(12, I)+DEENIK, 1)
DEFTOT{1) = DEFTOT(1}+DEFCIK, I}

CRK
CRK
LRK
CRK
CRK
CRK
[of:13
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK

CRK:

CRK
CRK
CRK
CAK

RK
ERn
CRE
CRE
CRK
CRK
CrK
CRK
CRK
CRK
CRK
CRK
CRX
CRK
CRK
CRR
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
[o5-1.4
CRK
CRK
CRK
CRK
CRX
CRK
o
CRK
CRK

s80

450 CUNTINUE

P T 4

PaInT
PRINT
PRINT
pRIAT
PRINT
sRINT
PRINT
PRINT
PRIal

FRINT DEFORATION AT MONTE N

1530

1490+ (MATIIey)s (DEF(Ky Jie K u JJo Jie X ® Jo NS)
1540
1490 imAT{Io1s (DEFNI(Ky I3, K = JJ» Jie T » 10 nS)
1550

14900 (MAT(Te¢l)ey (DEFDUKs J)s K @ JJo Jis T = 1v NS}
1560 _ .

1490 (MAT(lelyy (DEFC(Ky 1),y K ® JJy Jyy 1 = 1y NSy
15T (UEFTOTIK), K ® Jdr 1)

960 CONTINUE
Gg To 10
q7¢ CONTINUE

14
983 FCAWAT
495 FORWAT
00U FCRPAT
1010 ForoAl
1020 FCRuAT

W

1635 FCRAT

o

1635 seanaT
104G FORmAT
1050 FoapudT
1060 FCRMAT

1

107C FERMAT

1080 FCRWAT

109¢ FeRmal
1

1106 FpR AT
1110 FCRMAT
112¢ FCrual
1130 Ferual
11e¢ FCRwAT
115¢C Feawal
11e0 FoRwal
1T FERuAT

1

2
1150 FORWAT
1236 FCRwAT
1210 FCRAAT

i

12E¢ FeRpoAT
1

123p FCReal
i

1235 FeoguAt

1280 FCRMAT
1250 FORMAT

(Ba10)
{ 1% 15K, RAlg )
U 21100 4F10ebe 31A2y 3X) 485,00

L 4F10,0 )
{ 31,1, 10X wax(E LOAD AXLE LOAD TIRE H o
SINITIAL @

Zy 10X %RaNGEWKIPS MEANIKIPS PRg SSURE AXLe

*E ‘PP& L4 .
9%, F&.0, » ~a, Fé,0, SX, FT+2, 6X, F6,2, 6X,FTs01)
( 3171+15%X% 0Ap CISTRIBUTION FACTORe RATION 1gXeFBy2
/ +}SX®LANE OISTRIQUYION FACTORs RATIOs 3;0X4FBe3
¢ »15x#pEg1Gy PERIQDe YEARS * 10X4F8y0)
{ LSXA®TRAFFIC GROWTH RATE, RATIO * 10x,F8,2 9
tA10« F10,0, rg.Oo Fl10.0
tA10s F10,0, 8 <0y 3F10,0 s (8F10,00)
L 3lsy, 30K, #mATERIAL PARAMFTERS, ,, 10XaMATERTAL,
11Xy ST Apge X))
(1OX*THICKNESSS 6X0 wF11len)
(10Xx*PC15SONS RATIO® SF1T,.2)
¢ 60700 10N ®YARIATIONS OF E VALUES IN SPACE AND TIME®
sy 10X ®MATERYTAL CONF & 5410 7/ 22X 6Al0/)
Sxs 410, F5,2, FB,0y SF18,0/ 19Xy 6F10,0 )
20X, sMEANS FBW0, SF10s0 19X, &F10¢0 )
SX» A1ge #MEAN ® FBup, SFYgeg 7/ 22X 6F1nen )
7 » (0X8E = MEAN VALUEW 5F11.0 3
10X #€ - cONF VALUE® 5F11 .09
10X #CONFIUENCE LEVEL® S(F9.2+2X1)
10X #CCF VAR,PERCENT @ 5lFgepreX))
(3 20xy 3y = E8LY,11H & (1/E) »* FS5,2
sv 30X *LOG  STANDARG DEVIATION OFe F4.2
Za 30X ®AND CoNFIDEMCE LEVFL » FS,2¢ &41/0)
(10X® (04D DEPTR = INCHES TANGENTIAL STRAIN®/)
¢ 12F5,0 )
t 3(/1y 23X SMONTH® 12X ®TRAFFIC PERCENTAGE® /12
(/9 30Xs al0, 15X F1l04p), /7 26% ®SUM® 17KsF104p 9
( 4171y 50x ®)y TABLE < ACTyAL® // 10X #LQAD vEAg o
- N e MCHTHL Ye 7}
(ats1e Sgk on TaBLE = ACTUAL® 7/ 46X SFROM TRAFFIC *
SCATA INPUT® /7 15K 641072000641 0)
¢ £3a% 0%De FS5 p
t 4o 10X, F3eq)
(1pXe Flege SXo I3v 6Xe Fyp.z2 ?

~ -

RE,

CRK
CRK
CRK
CRK

CRK
CRK
CRK
CRK
CRK
CRK
cak
CRK
CRK
CRK
CRK
CRK
CRK
CAK
CRK
chK

CRK
CRK
CRK
CrK
CRK
CRK
CrK
CRK
CRK
CRK
CRK
CRK
CRK
CaK
CRK
18
CRE
CRK
CRK
CRK
CrKk
CRK
CRK
CRK
CRK
CRK
CRK
Cak
CRR
CRK
CRK
CpX
cHK
CRK

092



12¢0 FORMAT
1270 FORMAT

1280

FCRMAT

1290 FCRMAT

1
1300 FCAMAT

13101

FORMAT

1320 FORMAT

1330
1340

1380
1370

136¢
13%0

FORMAT
FORMAT

)
FCRMAT

1
FCRMAT

FORMAT
FORMAT

1
1400 FORNAT

1
1410 FORMAT

1420

NN -

1421
1430

1

4
1440

1

145¢
1460
1470
148g
1490
1500
1510

152¢
1

1530
540
lsso

1560
1570

FORMAT

FORMAT
FORMAT

FORMAT

FoRMAT
FoRNAT
FoAMAT
FORMAT
FORNAT
FCRmAT
FerMat
FORWAT

FORMAT
FoRpaAT
ronnA?

:canAT
Format

1
END

¢ 18Xs 12; 4%y gF10.2 7 2g%, g4F10,2)

¢ ABy 12F6,0

( 10X ABe FY,00 5F10.0 7/ 28X 6F1040 1}

( 4071y SOX ®N TABLE = THEORETICAL® #/ 10X #.OAD* sx
#ConFIDENCEY Sx eMEAy vALUEs ;s l1ox eLEvELe F6,3/)
(al7) ) SOX N TABLE = THEORETICAL, /715X, 4LOADGF5.0/10X
SCONF # 4Xy 6410 / 1oX SLEYEL® TX» ailo’

t 10Xy FS,3, 2xe 6F10.0 /7 paxy 6F1040 )

{ LOX®MEAN» 3x, 6?!0.0, 20x, &F10,0)

t 10Xy F340y 3%y F10.2» 5Xs F1042)

( 410/)y S0X *N ACTUAL , N TWECRETICAL® /10xsLOADSFS, 0/
10X SYEAR COnF® GALO 2 22X, 6410 )

t10X,12, Fb.ayzx.6510-3.,2&x;s€10.3;14x.x£auo3x

6E10430 / 24Xy 6E1043 )

 40/0e 10X *MONTH CONE  (nw/NIT  LOGIN/WMT  LOG SOe
6% eKe TX che TX *Cl* ;7
€ 10Xy 130 FB,34 3E1143 IE9.2 /7 JTX MEAN®Z2E]1.3%

(10X I3 0F B 4rFE 002 (10KN~#) AX #=#pF T, 0/ I TXPHEANF 4,00
10X88)

t 4(/% 15X #LOADs S5X GMATERIAL® BX #VERTICAL STRESSe

7K ®TANGENTIAL STRESS® /  4gX» 2(%TOP® 7x #BOTTOM#TX))

( 2 t3IF10.0% 3

(1P1e3(/) 023y SRADTAL® &y 210,,,,5,"A108 oyyqee*2y)/

Xy *LOAD NMATERIAL PRESSURE®S2X,s zioveetICAL bt

#STRESS RADIAL®*2X)/ 23X #(INPUTI® 3Xs 2 (eMEANS 8X

#CESIGY STREGS*2X)//F10,0, 41/+11%s AlD,

11X, 3F8.3, 1X, 3F8.3 ,

C11Xs 2105 FBL34 3Xs 3F8,3y Xy 3IF8,3/ ¥

T 417 Xy J{®eaanra®AlO%, L0ees®2XI/y 9Xs J{*VER®
STICAL STRESS RADIAL®2X)/, 9X» J(#uEAN* SX*DESIGNS

o STRESSs 2xy /7 41 pX, 3F8,3y 1X, 3IF8,3, 1X, 3F8,3/1)

140/ 0 9Xo Beyg,,ue®A100,,,,,,¢8 /7 X *YERTICAL STRESS®
& RADIAL® / gX #MEANs Sx «DESION STRESSe//
4{BXe3FBLI/)) )

!IPI-‘</!s5xv «YEARSI2y /18X, B(ALOVIR)/y SxeHle DepepT#)
¢ BX, A10, Elledy)

{ SX'CQH'ULA7£VE')

t 5:; osrn;;n 10 BEGINNING OF MONTH #)

¢ } oF ]

i Sla aS RAIN *HHOUOﬁ uONYNo)

(SXs SUEPTH®» § 7 8%, A10, Fllsy 1)

(SXSVERTs DSP,epE 493/ 5X&Y  STRESS *6E))ey/

5X#R  STRESS #8E11.3)

¢ SXo *DEFORMATION AT MONTH N# )

tsXs SCEFORMATION QUE 10 RprYxons THROUGH MONTH (N=)) )

{ 5Ky SCEFORMATION AT MONTH N .. OEFORMATION AT MONTH Nele

SX¢ SCUMULATIVE CEFORMATION THROUGH MONTH N& )
SXys #TOTAL CUMULATIVE DEFpaMatION RUt DEPTHe/
15%, 8£11,.3

o~ -

CRK
Cpk
CHK
CRK
CrK
CAK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
LRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
Cak
CRK
CRK
caK
CRK
CRK
CRK

CRK
CRK
CRK
CRK
CRK
CAK
CRK
CRK
CRK
CRK
CRK
CRK
CAK

CRK
CRK
caK
CRK

9
£33
498
#99
700
70}
To2

704
708
706
707
T08
709
710
711
112
T13
T14
715
716

718
ne
120

122
123
Teh
725
726
127
124
729
738
731
732
133
1314
738
736
137
138
739
740
741
742
T43
Teé
745
746

SUBACLTINE LAYER (1K, 17}
COMmON JLaY7 EE(Se 12)s ¥iSle NSy THIN(S)s IMe MLy A(20),

1 rzagcfc:. E2(Sy 12)s URCB(S)y DZOA(B)y RO{S)y EM(S),
DRC (S
CCMECH /PRIN/ ANIUI3. Sy 200+ ANZ{13y 5s 201+ AN3II13s Ss 200,
1 DSP(1Zvy 309 N1Bv LOAD(20)s MAT(S), MONTH(12}
OIMENSION Z2{113y E(SIy Hib)s HH{®), AZ{ADS) s AJ(400)
REAL LOAQ
c LAYER DCES CALCULATIONS FOR FACH DERTHe MEAN AND
¢ CONFIRENCE vALUES OF ELASTIC MODULUSe EITHER Ong
¢ CR TWELVE ncTTns. AND FINALLY FOR EACH LOAD GROUP
M5 NEw
C *% START ON A NEW R *»
"= 0,0
1Th = A6

IThA = [TNes
CC 220 v = 1y N
1E (12«10 S+ I+ B
1 1F (Ikw)? 2 24 23
2 PRINT 240, LOAD(M)
GO T0 5
3 PRINT 230. LOAotn). THINI1) Y MONTH

AR.‘;)
ARF = ﬁR'TIRE(u)
2201 = THINGyY
¢ "™ apJuST LAYER DEPTHS e®

HH{1) = THIN(yY
H{]) = HR{])

S0 10 1 = 24 N
MEEI) = TMIN(Y)

io H{D) 2 BM(le))ern(D)
Lo 201 =11, 12
26 21 3wl

O 220 [E = 1v 2
DO 216 #¥M a 1y 1Kk
M %
MMT = e
1F (IE=1) GC TO a0
CO 35 1 = 19 NS

30 ELIY = EELY, M)
G? Tg 10

a0 1F (Y211 50,%0,22¢0

5S¢ EO 8p I = 14 NS

60 F{I) « EA(ly mm)

10 COnT INUE

cO9 1% 1, 12
CC 90 4 = 1y &
TZ = ABSEHIglez2(1))
IF {TZ+e0001Y B0480,90
A 2ZL11 = =ni))
90 Continuk
IF ((un EC. §) JANDe (12 o46T. 1y 2201y = =220},
£ ** CALcLLATE T+E PLRTITION e»
Ca . PART (nTESTe Azy Itns AR}
¢ e CoUCULATE TrE COEFFICIENTS 4o
€O 1op I = 1y 1Tné
1T s

CRK
CRK
CRK
cRK
CRK
CRK

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
ChRK
CRK
CRK
CHK
CrK
CRK
CRK
CRK
CRK
LRE
CRK
CRK
CRK
CRK
CRK
CRK
CrK

CRK
CRK
CRK
CRK
CRK

CRK
CRK
CrKk
CRK
CRK
¢RK
[3:13
CRK
CRK
CRK
CRK
¢RK
CRK
CRK
CRK
CRK
¢RK
CRK
LRK

196
197

a0

19¢



P s Az 1)
CALL COEE (ITs Ry €5 ¥y we NSs P)

PA w PeAR
CALL BESSEL (1s PA, v}
AJII) = ¥
100 CONTINUE
NX = O
2T = g
& "% START ON A AEW Z %e
110 127 = 12743
IF (12T=123 120,120,200
120 2 = ABSI2Z(12Ty)
€ %% FIN0 THE LAYER CONTAINING 2 &
TIZ = Qa0
00 130 J1 & 1s N
J & NgeJl
IF (ZaHtd)) 130,140,140
130 CON?INUE
G0 To 160
140 Lo*Js)
©OIF {2Z0127)) 150,160,160
150 LeJ
TZZ » .0
160 CONTINUE
€all CALCIN (Vs Eo NTESTs ARPs ITN, AZ% 2+ Rs Ads IXs 12s
1 fHe MFTs Lo ARy T2Zs NXs uTs 12T MNy 1£)
1F (12=1) 1901904170
170 CUNTINUE
IF (122) 190+190.18p
180 FTAILT) & <2Zip2T}
R IF (17 +Ege 127y Bx = 1
¢ LLEE I SUBGRADE CALCULATIONS
127 = 12%-)
180 CONTINUE
60 T0 110
200 CONTINUE
210 CONT INUE
T220 CONTINUE

RETURN

230 FORMAT  { AL/} SOX sTANGENTIAL STRAIN®/ 15X #L0aD®
FSa0s 3%, #DEnTH® FS,0/ 10x, 64107 15X, 6410)

1
240 FCRMAT (10X, FSs0 )
END

gk
cRr
CRK
CrK
CRK
CRK
CRK
CRK
CRK
LRK
CRK
CRK
CRK
CRK
LRK
cpk
CRX
CRK
CRK
CRK
CRK
CRK
LRK
CRK
caK
CRK
CRK
CRK
CRK
CRK
CRK
CrK
CRK
CRK
CRK
CRK
CHK
CRE
CRK
CRK
LRK
CRK
CRK
CRK

SLBnUb}§NF CALCIN [V, Ey NTESTs aRPs JINe AZs Iy Re AJs IX»

*

I¥e MPe Ly ARy T2Z9s NXs Me ITZe MN: IE)

CCALCIN aa®eaSURHCUTINE CALCIN = Nel AyER E(ASTIC SYSTEM sesvss

10

c

[

20

COMMCh /COECALY At40p0r S1 Bia00y S,

CIMEASION E(sly VIS)y AZ(400)» th.oo;‘ TEST{11)s w{a)s ANS(i2}s

X&:,81129111)

Cidaps 5o D400 &

CeMnlh sPRINY

Cemwlh sCaL, 1w, [DXxt20,

0SP(12e 3}y Nygs LOAD{2Q)s MaTig2y MONTH(;»)

1
REAL LoAD

wil) & 0¢347065485
Wizl = 65214518
Wi ® Wiz

wis) = wii}

VL * 2,0%V(p)

EL » (1.0evilyy/sELLY

VLD & 10wy
€S2 ™ 0.0
CST = (0
CSE = 0.0
CIF = g,0
COP s a.ﬁ

L3

() .8

NTSl = uTEsxo;

1T =

UG Ap 1 = 1 ITN
INITIALIZE THE SUB=INTEGRALS

'1-¥ 4 g0

wsT = 0,0

RS% » 0,0

RTF G0

e g 0«0

"W

RHL g0
CCMPLTE THE SuB«INTEGRALS

K & 4%(I~})

€0 20 J a), ¢
J1 ® K&y
e =24
EP = EXPIPaz}
Ty = B(Jly L)eEP
T2 ® DtJle LI/EP
TiF = T1+T2
Ti* = T1-T2 :
Ty = (Atdle L)eBUJly LIWZy¥D
T ® (Clils L1eD{Jls LI®Z)/ED
T2F » pe(T1472)
Ter » Fa(llaT2,
wA = A (Jl)yewi

sSpEcley RoUYTINE FCR & = ZERC

PP x PP
652 = uslﬁua‘pp‘tle‘Ylﬂ'Tzu)
ROW * ROy swARELapR (2, 08VL YT InaT20)
a8y = ﬂsT’ﬁA‘PQ.((VL‘o.s).T,poo.s.Tzl!
ask » asi

Contlut

SF = (AZ(RKeglwaZ(K*1))/yeT222726
¢si = gsZsasiegr

Ahl(lg. 5, 207 Anz(13, S5 20)0 ‘N3(139 S¢ 200

CRX

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRX
CRK
CRK
CRK
CRK
cRK
CRK
CRK
CRK
CRK
CRK
caK
cRK
CRK
CrX
CRK
CRR
£RK
CRK
CRK
CRX
CRK
CRK
CRK
CRK
CRK
caK
CRE
CRK
CRK

CRK

CRK
-1
CRK

CRK

297



30

40

S0
60
To

80
$0

QOO

aVIO0

100

110
129

130
140

15¢
15%

168
188

€ST & CSTsnrsTess
C8K & CSRYAShegF
CTF = CTReRTheGY
COM & COMeRONAGE
Cubl & CuUeppUegF

n8Z = 2.0ans5lapReSF
TESTH = ABS(RSZI=1g:g%e (=4}
IF {I1TS=NTS1) 30+40,40
COMT INUE
TESTLITS) = TESTH
ITS @ [T5¢;
G0 To 8¢
CONTINVE
TESTINTYSL) = TesTH
D0 75 J = 1y MTEST
IF (TESTH=TESTIU)) g0se0es0

CONTINUE
TESTH » TEST(Y)
CONTINUE
TEST(S = TEST(J*1}
CONTINUE
iF {(TESTH) 90:90,80
CONTINUE
CSZ ® CS52&xpP
CST = CST2aARP
CIR = CYR®Agp
¢SF = CSRaARP
ch R COMEARP
- Cﬂuotgp

ML
3515 ® CS2eC3ToCSR
ASTN = (CSR-V{, )= (C5TeCS2Is/E(L)
TSTH & (CSTaV{L}®(CSReCSTIIZEILY
STRESSES == (S2 VERTICaL Csr  TANGENTIAL

CSR  RADIAL CTR SHEAR
STRAINS RSTN RADIAL TSTN TANGENTIAL
CHy  gHEAR

COM  VERTICAL DISPLACEMENT
IF (12=1) lo0s100e370

2 = PART ONE
1Z noT 1 PART TwO

CRACKING INNEX
RUT OEPTHM

ANS(MM; = TSTN
1f (122\ 120'120.110

2 -z
Con TI GE
IF cnn-xx) 130,140,140
RE TURN
I1W & wel
CaLL TOBIN (GHWATTER, 2, ANST1)e Ims JOX(IW))
IF (IM=1) 15001s50¢1gs
IF (IEJEQel} PRINT 3300 2, AnS{Y)
IF (IEWAEc]; PRINT 338, 2, ANSL(Y,
RETURN
IF (1e-1} 160, 165, 185
PRINT 340, ANS
RE TURN
pRINT 345, ANS

8STS  BULK

cRK
CaK
CRE
CRK
Cak
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
caK
(413
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
(410
caK
CRK
CrK
CRK
CRK
CRE
CRK
CRK
CRK
CrK
cRK
CRK
CRK
CRK
CRK
4°13
cRK
-1
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
cRK

362

963
984

176

o i212]

YOy 0 €Y

190

a0 aan

200

(2 N3]

21¢

220

230
240

[alh EaluXeEalal

RETurN
PRAT Twl
CONTINUE
L4 LCAC GRUUP INDEX
LYZ = v2l

TiL » IT - 12

whiMse L1T27 w) ® ANT(MMy JTZLv #19C52/2,0

ANA(mM, ITa0e M) u ANI(MM, [T7L, M)eCSR,2,0
IK E1THER 1 OR 12
IK = NC ONTMLY VARIATYIONS ON
I 6T HOATmLy VARIATIONS mMyST BE ACCUNMULATED
Lol IKDEX VARYING FROM 1 Tp IXK
MM oa 1K CALCULATIONS COMPLETE
12z NUMBER OF LAYERS MINUS j
IF (inx 4EQ, 1) LAND, (M +EQ, k1R}) GO TO l6p
60 1o 1S¢

oSP{RM, 1} & COM

DSFiMMs 2} » CS2

DGE (ums I = Csp
CONT InyE
CSPIMONTH: I}
"1 VERTICAL OISPLACEMENT
.2 VERTICAL STRESS
= 3 RACLaL STRESS

B

IF (MM~1K) 26002004200
CONTINUE

NG mONTHLY vARIATIONS IN ELASTYC wmOpULYS
IF (Ikel) 210v210%260
NN B MAel
ANS(MN] = (82
IF (Nx=-)) 220'250'220
CONT INUE
AnS (un+2) 2 Csp
IF (MNeRy 230,280,240
RE TURN
uN = 0
PAINT 350, LOADIMIs wAT(1TZ)e (ANS(I)s I & 14 &3
RE TURN

AhS(13 * VERTICAL STRESS AT TOP OF LavER

AnSiyy » 47 BOTTOM OF LAYER
ARSL2) » pADIAL STRESS aAY TOp OF LAYER
FISIYS IR AT BOTTOM OF LaYER

SUBGRADE (NC BOTYOM OF LAYER)
anS{ans 1} = CSQ

NN E
PRINT 365, LOAD(M)y MAT(ITZ®L)s ANSI(T)s ANS(2)
RETURN

PONTHL Y VaRIATIONS 1N ELASTIC MOpULUS
IF tmM-1) 27002700280
FIRSYT MCNTn INITIALIZATION

VALUE AT SUBGRADE DUE TO 18=KIe LOAD

CRK 965

CRK g67
CRK 968
CRE 89
cRK 376
CRK 971
RK

G 978
CRK §74

CRK 978
CRK 977

CRK 979
CRK 980
CRK 981

CRK 483
CRK 984
CRK 985
CRK 986
CRK 987
CRK 988
CRK 989

CRK 991
CRK 492
CRK 993
CRK Q94
CRK 49%
CRK 996
CRK 997
CRK 598
CRK §99
cRKiooo
Crkipol

¢RK1g02 -

RK1603
Srx108e
crRK100S
CRK1p06
CRELg07
CRK1g08
CRKigo%
CRK1g10
crrloll
crKlol2
CRKip13
CRK1g14
CRK1915
cRKiglé
¢crioly
crriole
CRX]g19
CRK1p20
CRX1g21
CRK13p2

€97



270
280

Y

290

ey

300

31e

[ele 1)

322

€
330
13

348
350
360
aro
380

kL]

11 =0
11 = 11e]
MN = MAS]

XaRS {I1s MN} = €S2
IF (NX «EQs 1) XANSUIIe MN*1) ® £SR
XARS (KTe wNeZ) = CSR
IF ((11 +EQ, 12) «ANO» {NX EQ, 7)) 60 7O 290

RETURN

R
CONTINUE
VALUES ARE PRINTED IN BLOCKS OF &IX MONTHS

J= 0
121 = 12~1
00 316 1 = 14 17}
J s Jel
JE ® Je3
00 300 K ® 1+ 12, &
KK = K%

PRINT 370, (MONTWIKI}s KI = K¢ KK), MAT{I®1}
PRINT 3Bg, [(XARS(NT MXIe NI 8 Ky KKYe HX = Jy 0P}

CONTINUE
J ® ol
CONTINVE

PRINT SUBGRADE VaLUES
JoeoJe)
J1 0w Je)

BC 329 x = jv 12+ 6
KK = Ke8

PrRINT 370, (MONTMIKI)y kI » Ky KK}, MAT(IZe1)
PRINT 390, ((XANSINI  MX}, NI = K, Kx), MX ® J, U1}

CONTIAWE

RETURN

FCRMAT ¢ 10Xs ®MEAN VALUE®s &Xo F6,2s BX, E10.3 1

FORMAT t 10Xs SCONF VALUE®s 4Xs Fhopr BXs ELl0sy !

FORMAT  ( 15Xe,Edy v#Luss-xlox.ocxo.gxxSx.eEIo.3 1

FCRMAT (| SXSCONF IDENCE VALUES®/10X40E10,3/15Xe8E1043 1
FORKAT € y4%s FaaOs aXs Ag0s 6Xv pFj0.2e 3Xe 2E30,2?
FoRuAT ( 14xe Fé,0, 4x, AlOs 84 Elo.zo 13x. €10,2 3
FCRMAT [ 24X, sA1g , 13X, Mo

FoRWAT ¢ 19X SYERTe ;/ 18X®TOPs 4X, 6F10.3 7 18X #BOTToM ®

FORMAT ¢ 19X SVERTa  2X» 6E10,3 / 19x #RAD
EnD

66103 /7 (GRARADIAL®/ (BX #YOP® (XagE10e3rs [8X
SEQTTOM® 3210.3 7) !
* &E10,3//y

CcpXla23
CRK1g24
CRK1428
CRK1a26
CRK1027
CRELD28
CRK1029
CRK1g30
CRE14]

CRE10Y
CRKi I
CRK1034
CRX103%
CRX1036
CrK1037
CRK1lg38
CRK1p3%
CRKlgal
CRK1pal
CRK1g42
CrK1pad
CRK1p44
CRK) 045
Crilgss
CRK1g4?
CRAK1gs8
CRK1ga®
CRK1080
crxigs1
CRK1g%2
crK105)
CrK1o%4
caKioss
CRK1p56
CRK1g%7
CRK15%6
CRK1pS9
crKingd
crKipal
CHK1a62
CRK1063
CRKlp64
CRKL56%
CRK1 668
CRK10AT
CRKloé8
CRK1n89
cRKlgr0

CDARI
¢

10

20

30

40

syaacu¥lwﬁ Fhat t*re;:; aZs ITNy Ap)
PYMENSTION azts0o) s 87 (ag0)
eosepeS ghOUT INE PART - S=LAYER ELASTIC SYSTEM ®sassse

*¢ CoupLTE ZERGS OF JL(A) AND JO(K)}, SET UP GAUSS CONSTANTS «&

azily = 0.0
822} = lep
BZI3l = 22,4048
AZis) = J.B31?
g8} = 5,520)
RZ(S] u 7,0156
ks ITnel
CO 2g 1 = 7, Ky 2
T = 172
7D = 4,087-]40

A2l ® 3.14159274(Tw0,2540,05066]1,TD"0,053041,7D

28340,202051/T0%e5;
CC 30 1 » By ITN, 2
T &« (1e2)/2
TD = 4,0%T+]ep

BZ(1) = 3:1415927¢(740,25+0,15]982/70+04015399/10

ea3a ZAEST 0 T0se5y
61 = 0.8611361)
G2 ® 0433998104
IF ® AR

~TESY = 2
** COMPLTE POINTS FOR LEGENDRE~GAUSS INTEGRATION *e

K =)
ZF & 2.0%2F
SIz ® 0.0
Co 0 1 w 1, i1y
%21 = s22
SZ: % RIVLeyIZ2F
sf = SI2-51)
Fu % §22952y
8G1 » SFG]
862 * SF%G)
AZIK] = PrasG)
SZiKe]} % Pu=§G2
aZik+*z) % puegGa
AZIKe3) » pussqy
X a8 Koy
COMTINUE
RE TURAN
Esp

CaX
cix
CRK
CRK

07l
ore
073
0T4

CRK1075

CRK
CRX
CRK
CRK
Rk
CRK
CRX

78
817
o8
019
1.1
081
082

CRK1083
Creloge
CRK] 985
cRK1a86
CRK1gB?
crRKloss
CRK1p89

CRK
CrK

090
09l

CRX1g92
CRK1n9)
CRK10g4
Car1095
CRK1096
CRK1 497
cRK1498
CRK109%
CrK1100
CRK1101
CRK1)p2
CRK1) 03
CRK1]04
CRK1]0%
CRK]1j 08
CRK1107
cRKlio8
CRK1369
CRE1110
CRE1111
crKi112
crellll
crElLlA

%92



(2 lNeYalals NaXe 24

403

413

23

1

BN -

> Wy -

NS
1.4

A
oM
Ovs

FURCTICN POLY (CMs As Ky DVS)

NUHBER OF wATERIALS

MATERIAL NUMBER UNDER CONSTOERATION

DESIGN YERTICAL STRESS

CUMULATIVE EQUIVALENT Ja-kIP AXLE aPPLICATIONS
DESIGN RapIAL STRESS

GO YO (42344132403}, K
SUBGRADE

RETURN
BASE
CONTINUE
51 = «A853 = ~0VS
aLh = ALOGLO(CMISALNZ = ALN&e2
€ = 0,57852.0,20640963.0,07054061.0,014646a30ALN
~3+00121851%ALN=0,0040845]1353¢0,0384868ALN2=0,05093
#51%610400062%ALNTSI*S Y09 002F2%ALNSALNZ 0, 00204
#53%%340,000]1%51%#3~0,0004%53%5305]+0,00006
#S51%5145340,0004605] #S3aALN
POLY = AMAK{!Es 040)
RETURN
S5l = ~A33) x -DVS
ALh & aL0GlafCMISALNG w ALNGALN
E % 0.7348510,25695%Ai Ne0417009251-0, 1 4433%ALNS3
40,011878a N#S1e0,0113505]25340,0494745]%5)
~0,01132851951+0,033404ALN=S3eS3e0,0011%eALN
#51951+0,01885%53%23.0,000259512%3:0,00367483
53951 <0000 T2%51 45145300, 0)1 01825 #5JaALN
POLY = ANAX|IE, G0}
RE TwRN
END

§1 ® ~ASALy = ALOGLO(Cy)

£ 5 0.3456185]1-0,040645S]%AL N=0 06511951951 +0,00283
*51%83,000,007448g 85 0ALN

POLY » ANAX1(E, 0,01

CRrRK111S
cakille
cRR111T
CRX1118
CRK1y19
CRK1120
CRK1j2}
CRK1y22
CRK1123
CRK11ps
CrK112S
CRR1126
CRK1127
¢rK1)28
CRK1129
CRK1130
CRX1131
CRK1132
CRKI11)
cRK1134
Cri1135
CRK1136
CRK1137
CRI1138
¢cRK1139
c::l;so
¢ 3

ca‘tt‘é
CRK1142
CRK] 144
caxAi‘s
CRK1146
CRKI147
CRRije8
CRK{149
CRR1150
[CLSST 1

FUNCTION XRghM (Xy MLs SIGMaY

REAL My
? s 220,005
b o= U0 . .
19 B ReQUINEXP (wZ8Z/2,171(2.83,14159261%80,5%
Z % 2sge0}
IF (2.5.00 10010,20
20 xNCRM 4 &
RETURN
EAD

¢RK1 Ss2
CcaKlisy
CRR115s
CRK119%
CRK115%
CRK1:57
CRK11%8
CRK] 159
¢RK1160
CRK1361

€92



18
20
30
40
50

RETURK
RETURN
£nD

FUNCTION ALPMA (CONF)
A = O,S5~CONF
c » 0,0
DELY = 0«0001
Z " 0.0000%
C = CoDELTSEXP(~Z®L/24)/ (SORTI2+%3.1415926))
(C«ABS{AYY 20530430
T = ZeDELY
T 10
Ak ® DELT/2,042
{A) B0edgebp
ALFHA & AA

ALFHA = =Ap

CRK1162
CRK1163
CRK]1164
Cprlies

SLARCUTINE COEE (RIN, Ny £ Vi Ks NS, P}

CCOEE 2a928®SUBROUTINE COEE » B-LAYER ELA<T!C SYSTEM ®agass
CoMeCn /CnECAL/ AL400r Sy B{400y 5), C(400s S)e D(alls 5
LIMEASION ELS), VIB), Wial, X{575,4), SCU4], PMis,4 &), FuIZ 3}

GIMENSION SV {4ed) CV){Z!I)‘ SVZ(‘!‘\V Cvatzs2). SVIiQ:S)t €V3(2'
183, SVel4,16) 0 CVHI24B), TI(B) s NTI&)
1L = KIN
CswMK SET UP MATRIX X oDI®MIegIexemeD
c COMPLTE THE MATRICES A(K)

D0 Jg X = 315 A
T] = EXKIR{1e0eviKo) I}/ (E(Kay ) 0], 00V (K)))
IV 2 Tlel, 0
PH 8 PEHIK})
Prg Gh'z.o
VKZ B 200%¢ (K}
VKF2 & 2s0®yiNe})
VKA & o Jeyxg
NKF& ® 2.0eyKp2
VKKE = 8,0oVIK)#V(Ke])

XiKky 1¢ 1} » VKA, 0T

x{Ey 2+ 13 » 0,0

X{Ks 35 1) w TIn® (PHI~yKésY 0}
X{Ky &, 1) » «2,08T1VepP

3 PHIN (VK21 ,0)

» VKKBe] ,0=1,0e¥yKp2
1S PH2®(yxP2-1,0!

= YKK8e¢) ,0u3,0%VKQ

XiKse Jo 2) = (T3eT4nTla(The76)) /P
TiKy 2v 2) = T1€(VEP&=3eg)=],q
XiKe &0 2) » TIM®[]1,0=pHR=VKP4)
X{N, 3y &) o (T3=Téd=T1a(TSaT8)) /P

T3 % PrA*PH-VKKB*]1.0
16w Pr2% (ynRwykP2)

KKy Jo %) » (T3+TACVKP2uY]®(TIeTAo¥K2)Y/P
X{Ks 3¢ 2} (T3 TAYKPR24T R (TI=Toe¥KS) 1 /D

TiMe(le0oPHZeVKA)
2,0%TiMep

VKé=3, 01}

8.0

X{Ke 14 3;

EH
x{ke 3¢ N}
XKy 4y 3)

»
-
x
-
~
-
LEC I I |

X{Ks 23+ %}
Xi{Ks &¢ &)

TIM® (PH2 VKP4 ] o)
T1#(VKP4=3,0)=1,0

10 CONTINUE
c COMPUTE THE PROCUCT WwATRICES PM
SEIND = 4,00V (N)=Lsp?
1F inep) wpe20020

20 LT 30 Ky B 29 M

. & n§eK]

SCIMI = SCLM*)*4 ¥ {V{MIal 0}
10 COnTINUE

CRr1j78
CRKi1Y9
CRK1180
CRK1181

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK

crK

182
183
184
165

20%

CRX1208
crKl207

crxl

208

CQK1209
CRK1z10
qulzxx
cRKizZIZ

CRK
crK
CRX
CRE
cRK
CRK
CRK
CRK
caK
CrK
CRK

213
214
218
216
217
218
219
220
221
222
z23

CRK1224
CRX1225
CRKlaz8

cax
cRK
CRK

227
228
229

CRK1230

CRK
LR
cri
CRK
CRK

231
3%
236
23%

992



40

50
&9

79

a0
96

EY

100
110

120

130
140

150

160

CONTINUE

K = N
CO &6¢ | & §1. &
00 50 g = 1y 2

s¥1{le J) = Rix; 1+ Jo2)
CONTINUE

C¥itls 11 2 =2, 0%%HIK)

cvitas 1) = 0,0

- Ko

K
If (K) 200,200,70

CONTINUE
00 90 u = 1, 2
Ji " JeJ
Tl = S¥1{ly )
T(2) » SYi{Z2y 0}
T3} = S¥Y1{3s 1
Tih) = S¥ltar )
DO 86 1 = 1, ¢ )
S5v21(Ls Jil=}) @& X{Ks T4 1D@TI1)eX(Ky 1o 2)0T(2)
S¥Zile J1Y w X{Ks Is 210T(3)¢X(Ky I» #)}8T(4)
CONTINUE
Tl = Cvifls 1)
1) = -2.002‘»11)
vl 1
cvails 21 5 1i3)
cvalasy 1} = Trp)et()
CV2(2s 2) = 0,0
Ko

K-
IF () 200,200,300

CONTINUE
DO T40 4 & 1y 4

Ji s J
IF (J1=2) 1201209110
Jie2

Jl =
CONTINUE
TL1) = SY2(1s )
T(2) = 5¥21i(2¢ 5}
T(3) » SV2(3»
-

T(&) SV2(ae gy
$O 130 1 = 1y &
SV3(Ts U1} = Xtxe Ie 1)ET(l)ek(Na 1+ 2)8T(2)
SVI(l, J1e2) w yiKe Iy B)eT 3y xiXy I, 41uT(dy
CONTINUE
T(1) = =2,0ePeu (X}
00 15g » ® 10 2
Cyails 4} « CVz(l. J1
Cv3I(2y J) & Cy2(ls JI=T(l) |
CVa(1y Je2) ® CVZ2(2y JyaTel)
CV3 2y Jo21 = C¥2(2s &
ConTINUE
K = Ke]

IF (K) 2004200180

CONT INUE
Co 180 » % 10 o

CAK1a36
caxl23Y
CRK1z38
CRE1239
CAK124 0
crKiZe ]
CRKL242
CRKI 241
CRKi244
CRK1245
CRR12a8
CRKI247
CREI248
CRK{ZAW
CRK}zSO
CRK12S1
CRK]12%2
CRr1Z283
CRK12%84

CRK128% |

CRK12%6
CRK1287
CRKi2S8
CRK1289
CRK1260
CRR1281
CRR1262
CRK1263
CRK1264
CRK17263
caxizee
CaKlaet
CRKl 268
CRKI26%
CRK1270
CARR12T1
CRKI2T2
cAKiz73
CRK1274
CRKL37S
CRKk1276
CRK1Z2?Y
CRK1278
CRK12?9
CRK1280
cRrize]
cRR1z82
CRK1283
CRK1,84
CRK12AS
crrizas
CRK]1287
ChrK1208
CRK1z2a9
CRK1z90
CRK129]
CRR1292
CRX1293

170
184

190

290

22¢

23¢

240

250

2e¢

2To

2g0
290
300

Tl = S¥3{ys g
Tizd = S¥3(ay )
T3 = $¥33e
Tie} = S¥Iiar )
TiE) = SY3{ls jed)
T(E) = Sy3(2s Jed)
T = SVI{3s jed)
8 = SVI{er Jes)

T8}

Co 170 1 = 14 4 .
svally Oy = Xtwy, Lo JyeTifyeXiny I, 2)eT7(2y
GValls Jta) = x(Ky Do 31OT(3YoNIKs Lo 41°Tea}
Svalls JoB) 3 X{Ks I» J1@T(BIeX(Ky I+ 23976}
svhtle Je12) u X(Ke Ty 33@T{TIeX(Ky Iy #)ev(8)

CONT INUE
Til) ® «2,pePey(K)}

LU 190 v = 10 A
Cybtly JJ = Cyaily N
cvatZs J) = CV3(le D=Ti1)

Cyalle Jsa) 3 CVvIL2e J3eT ]y
Cyd (20 Jod) » Cyd(2¢ N
CONTINUE

CONT IMUE
NTUL) w )
CO 21p k = 20 N
NT(K) & AT(K=1)sNTiKm])

U0 220 1 % 19 4
PHIKLy Iv 1) = 0.0
PMIKly 19 2) = Q.0
CONTINUE
11 o NTI®)
CO 370 1 = 1, 1}
12 = 1+1]
GO TO (2300240+2%0426010 K
CONTINUE
T3} = C¥l¢ly 1)
T(4) = C¥1i2* 1)
60 10 210
COnTInuE
Ti3) & C¥21y, 18
T} = C¥2ipr 1}
6O YO 218
ConTIguE
T = C¥3{1y 1)
Tier = Cv3izs 1}
60 1o 270
ConTInUE
TLA) ® Cvalye 13
Tiat ® Cvadipy 1)
ContlnguE
Ty = 0s0
TIZ) = geo
1F (T(a3+68.07 290+2Rpe280
Til) ® gExptT(3yy
IF (r(41408,05 310,300,300
Tzl = ExpiTi4ys

CRK1294
CRK§295
CrK1296
CRK1297
crxlzes
cRK1299
CRK1300
(L3513}
CrE1l02
CRK1303
CRK1 304
CRK{ 405

CRK]1928
CRK1329
¢RK1330
CcRK133)
crei332
cRKlsaa
CRRIA3A
CRX1335
CRK 11336
CRK}y37
Caxilas
CRK1339
creiaeg
CRK 1141
CRK1342
CRK1343
CRK a4
carxl3ss
chKiaas
CRK1347
CAKiaB
crRelisg
CRK11%¢
CRK13151

L9?



<

3o

320

330

340

3so

360

an

380

190

CONTINUE
0o 370 J = 1, 2
GO TO (320,330,340,350), K

CONTINUE
T(3Y = SVY1(yr 1)
Ti4) = SV1(Ur 12)
T(E) = Svi(y*2, 1)
T(6) = SV1(g*a, 12}
GO To 2360
T3) = SV2(Jr I
T(4) s SV2(yr 12}
T(S) = Sv2(y+2, 1)
T(6) = SV2(y*2, 12}
GO TO 360
T3 = SVI(Ye 1)
T(4) s SY3IL Y 12)
TI5) = Sv3(g*2, I}
T(6) B SY3(J%2, 2]
G0 To 360
T(I) = SVYa(yy 1)
Tta) & SVl )
T(5) = SV‘(J°Z£ZK)
T(e) = Sva(y*2, 12,
CONTINUE

PN(KI. Jr 1) = PM(KLe Jo 11eTL1)OT(I)

PMIK J? 20 = PMIKLY Jo 2)4T()OT (W)

PuiKly Je2, 1) = pn}xl. Je2, 1).1(2)07(5)

PN(KI' J*2y 2) = PA(K], Je2, 2)¢T(21eTlg)
CONTINUE

SOLVE FOR C(NS) AND O(Ng)

vz & 2.0°V (1)
V21 = v2=1.0
oc 3892% = 12 8*

FM{le J) = POPM(1y 1y J)eV2eDM(ls 2 JIePepM(l, 3,

L DIeV2ePR(]e 49J)
FM{2s J) = POPM(1y 1o J)ev2TePMil, 2+ J)=PaPMil,
3, JyeV21aPM (1, 4, J,

OFAC = SC(1)/((rn(1o 1)0Fu(z. 2)<FN{(2s J)%FNi]ly 2))

*Ppep)
A(LCY AS) = 0.0
BI(LCy NS) = 0,0
C(LCy NS) = =Fum(l, 2)%0FAC
D(LCy NS} = Fu(]y 1)*0FAC

BAaCKSOLVE FCR THE OTHER Av89CD

OGc 399 K1 @ 1y § .

AILC, K1) & (PM(K], 1, 1}aC(LC, NSIePRMIX], 1, 2)
*D(LCy NS))/SCiK])

B(LCy K1} & (PMIK)v 2y ".C(LCI NS) ¢PMIK)r 29 2V
*D(LCs NS))/SCIK])Y

C(LC, K1) & (PN(K], 3, 1)aC(1.C, NS)ePN{K], 3, 2)
*0(LCy» NS))/SC(K])

0(LCy K}) = (PM(K]s 40 l)oc([c, NS)ePMIK]s 4 2)
*C(LCy NS))/SCI(K])

RETURN

ENO

CRK13y
cakl 3?3
CRK1354
CRK135S
CRK13S56&
CRK11357
crRKlass
CRK1359
CRK1360
crelael
CRK1362
CRK136)
CRK1364
CRK] 365
CRK11366
CRK1367
CRK]1368
CRK1369

CRK1370,

CRK137]
CRK1372
CRK1373
CRK1374
CRKi3?S
CRK1376
CRKi377
CﬂKl)?B
caklire
CRK1380
crxlael
CRK1382
CRK 1383
CRKigea
CRK138S
CRK1386
CRK]387
CRK1388
CRK1389
CRK13%0
CRK1391
cRKigoz
CRK1393
CRK1398
CRK139S
CRK1396
CrRr1397
CRK1398
CRK1399
CRK 1400
CRK1401
CRrIs02
CRK140)
CRK]1404
CRK 1405
CRK1406
CRKl407

SLBROUTINE FESSEL INTy X1, Y)
CHESSEL eec*ea5 grQ:JTINE BESSEL = S-LAVER FLASTIC SYSTEM asvess
CIMENSTON PZinle GZ(6)y PLl6)y Qy(6), O(20)

[4
¢
i0 PZ(1) = 1.0
pZ(R) = -1,]125€~-4
PZ(I) & 2,8710938E-7
PZ(4l = =2,3449658E-9
PZ(S) = 3,9806841E~11
PZi(6) = =1.1536133-12
.
n2(1} = =S.0E-3
a2t2) & 4,68T5E=6
62(3) = ~2,3255859E-8
nZ(4) = 2,83¢47987E~1p
nZiS) = =6,3912096E~]12
NZ(6) & 2.3124704E-113
[
¢
P11} = 1.0
P1{(2) = 1.875E~4
P13} = =3.6914963E-7
P1ie) = 24771323269
pl(s) = =4,5114421E~11
plt6) » 1,2750463E=-12
¢
a1(l) e l,5€=2
9142! = ~6.5025€=6
Q113 e 2.8423828E-8
N1i2) & =6,5625E=6
nl{3) = 2.84€3828E-8
Q1 (4} & =3 2062024E.10
n1is) = 7, 10311666-12
i Q1(6) & -2,5327056E~-13
&
c
Pl = 3,1415927
PIz & 2.6%P]
s
~
N3 N[
x = K[
IF (x=7.0) 20¢20.100
4
20 X2 ® XK/240
FAC = -X2eX2
IF (") 3003Ce60
10 C s leC
v e C
CC Sp I = 1, 34
Tl
C s FaceC/(yor)
TESY = AbS(Ci=10sgeal=-8]
1F (TEST) 9rs90vay
&0 Y 8 Ye(
50 COnT INyYE
60 c s A2

CRK1408
CRK1409
cRKlale
CRK1411
CrRK1412
CRK1413

CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK

414
415
416
417
418
419
420
421
422
423
424
425

CRK1426
creis2?

CRK
CRK
CRK
CRK
CRK
caK
crK
CRK
CRK
CRK
CRK
CRK
CRK
CRK
CRK

428
429
430
431
432
433
434
435
43¢
437
438
439
40
441
442

CRK1443
CRK1444
CRK1445
CRK1446

CRK
CRK
CRK
CRK
CRK
CRK
CRX
CRK
oRrK

Y34
448
449
450
45]
452
453
454
455

CRK1456
CRK1457
CRK1456

CRK
CRE
CRK

459
460
461

CRK1462
CRK1463
CRK1l464
CRK1465

89¢



Y ®C
€o 86 1 = 1,y 34
T}
€ = FAC®C/{T®{Tel.0))

TEST & ABS(C)- **tmgy
IF (TEST) 90480,70 2070

T0 ¥ & Yef

By CONTINUE

90 RETURN
Jleo TF (N} 11041104130
é
c

110 CO 120 1T = 3¢ &

ni{l} = PIL1Y
NElel0y = gzt

129 CONT INUE
GO Yo 180
[
130 DO 140 I = 1y 6

nil) = P iy
D(le1dy s g1y
140 CONTINUE
150 CONTINUE
TL » 2%,0/%
T2 ™ T]eT}
P e UnyeT2,0(8;
D0 169 1 = 1y &
J % Sel
B s peT2eD(gl
160 CONTTHUE
G o= U{16)8T2¢0 15}
D0 179 1 = 14 &
J s 5=l
G = QeTRen(y*10)
170 CONTINUE

- GeT]

T4 = SQRT(XePl)
16 = SINiX)
17 = {cS{Xy

IF (N) 18041804190

180 TS w ((PaQ)nToHe(Pe@)eTT)/T4
GG 10 200
190 TS » (P01 aTou (PatifTT) /T8
700 Y« 5
RETURN
EAD

CRE1400
CrKlas?
CRK]l 468
[ LYTY ]
RKia?
Enn,:?Y
CRK1aT2
CRK1aAT3
CRK1474
CRK14 7S
CRK1 76
CRK1477
CRK1478
cRKI 70
¢amlaBo
CRK148]
CRK1462
CRK 1463
CRE14B4
CRK1485
CRE1486
crrlent
CRI1ag8
CRK]AB®
chanlavo
CRK149]
CRK1492
CRM 1493
CRKI494
CRKig9%
CRK1496
CRK1a87
CRK1498
CRK 1499
CRK 1500
creisol
CRK1802
CRX1%03
CRK1%04
CRK1%9%
caxlisge
CREISETY
CRR1508
CRE1%89
CRKlS10
CRK1s1]
CRK1%)2
cruisy3
CRR1514

69¢
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CRAKDX GUIDE FOR DATA INPUT

with supplementary notes

extract from

FLEXIBLE PAVEMENT SYSTEM - SECOND GENERATION,
INCORPORATING FATIGUE AND STOCHASTIC CONCEPTS

by

Surendra Prakash Jain

December 1971



CRAKDX GUIDE FOR DATA INPUT

PROGRAM DESCRIPTION (one card)

Page 1 of 4

Alphanumeric 8A1l0

80
MATERIAL PARAMETERS (one card)

NL NM LDDF LNDF Y GR Qo Q1 Q2 TEST

I 10 I 10 ¥ 10.0 F 10.0 10.0 F 10.0 A A2 A2 F510 |
i 1] 21 41 5t &l &2 6 &7 Ti T2 76 [

LDDF
LNDF

GR
Qo
Ql
Q2
TEST

Number of load groups.

Number of materials (maximum of five).

Load distribution factor, ratio.
Lane distribution factor, ratio.

Design period, years.

Traffic growth rate, ratio. Leave blank if actual traffic data is given.

Provide NO if the actual traffic data for each month is not given.

Provide NO if the monthly traffic percentage does not vary.

Provide NO if elastic modulus values of the different materials do not vary monthly.

Leave blank if calculations for both cracking index and rut depth.

Provide 1.0 for cracking index only.
Provide 2.0 for rut depth only.

eLT




Page 2 of &4
WHEEL LOAD DATA (NL cards)

Ll L2 N TIRE
F 10.0 F 10.0 F 10.0 F 10.0
i H 2i 3 40
Ll -~ L2  Axle load range, kips.
N Number of axle applications in wheel load group for first year. Leave blank if actual monthly traffic data

for each year is given.

TIRE Tire pressure, PSI.

MATERIAL DATA (NM cards if Q2 =NO , NM x 2 cards if Q2 1is not NO)

MAT TMIN NU CONF SIG E(1) E(2) E(3) E(4)
A 10 F 10.0 F5.0 F5.0 F 10.0 F 10.0 F 10.0 F 10.0 F 10.0
i " 21 26 3 4 51 &1 n 80
E(5) E(6) E(7) E(8) E(9) E(10) E{11). E(12)
F 10.0 F 10.0 F 10.0 F 10.0 F 10.0 F 10.0 F 10.0 F 10.0
! i 21 3 41 k-1 6! T 80
MAT Material identification
TMIN Thickness of material, inches. Leave blank for subgrade.
NU Poisson's ratio.
CONF Confidence level for elastic modulus.
E Elastic modulus mean value. If Q2 = NO , provide one constant value. If Q2 1is not NO provide one value for

each month.

SIG Standard deviation of elastic modulus, expressed as a percent of mean modulus, i.e., coefficient of
variation, percent.

€42



Page 3 of 4

FATIGUE CURVE DATA

A B log SD LN
F 10.0 F 10.0 F 10.0 F 10.0

| 1 21 3 40
1 B

A Constant of fatigue curve N = A(E) .

B Slope of fatigue curve.

log SD Log standard deviation of fatigue life,

LN Confidence level for N .,

MONTHLY TRAFFIC PERCENTAGES (one card if Q0 is NO and Ql is not NO)

TRAF ~ TRAF TRAF  TRAF TRAF  TRAF TRAF  TRAF  TRAF TRAF TRAF  TRAF
(1 (2) (3) (4) (5) (6) 7 (8) (9) (10)  (11) (12)

F 50| F50|F50| F50[F50(|FS5.0lF50]| F5.0] F5.0 FS5.0[F5.0[|F>5.0

t 6 1" 16 21 26 31 36 4] 46 51 56 60

TRAF (1) Traffic percentage for Month I. If Ql = NO, a value of 0.0833 will be assumed for each month.
Mo caxd is needed if actual traffic data for each month is given.

ACTUAYL TRAFFIC DATA (number of cards = number of design years x number of load groups if Q0 is not NO)

YR TR(1) TR(2) TR(3) TR (4) TR(5) TR(6) TR(7) TR(8) TR(9) TR(10) TR(11) TR(12)
A8 16 16 16 16 16 16 16 16 16 16 16 16
1 9 16 22 28 34 40 46 52 58 64 €9 76 20
YR Year identification.
TR (1) Monthly traffic from January to December.
N
~J
P

Provide a full set of traffic data for each load group separately and arrange the sets in
the same sequence as in wheel load group.



DENSITY AND PRESSURE PARAMETERS (NM/2 CARDS)

Page 4 of 4

R(1) EM(1) DRC(1) R(2) EM(2) DRC(2)
| F10.0 |  F10.0 |  r10.0 | F10.0 |  F10.0 | r10.0 |
| 10 20 30 40 50 60
R(I) Unit weight of material I (1lb/cu in)
EM(I) Parameter to calculate correct radial pressure for given curve for base and subbase-

Leave blank if regression equation in N, Z1, Z3, and E is given,

DRC(I) Radial pressure for which curves are given for material I.

Leave blank for subgrade.

GLe
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INPUT DATA SAMPLE

APPENDIX 4.4,

OF

1

PAGE

JULY 30,71

277

L)

-8

DATE

JAIN

COCED BY.

A4 .4 INPUT DATA SAMPLE

IDENTIFICATION
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APPENDIX 4.5

CRACKING INDEX AND RUT DEPTH INDEX EXAMPLE PROBLEM



CRACKING INDEX AND RUT DEPTH INOEX EXAMPLE PROBLEM

axLE LOAD AXLE LOAO TIRE N INITIAL
RANGE ¢K1PS MEAN sKIPS PRESSURE AXLE APPL
6= 8 6000 42,30 -0
LOAD DISTRIBUTION FACTDR, RATIO 1.00
LANE DISTRISUTION FACTOR, RATIO 1,00
UESIGN PERICDs YEARS ]

MATERIAL PARAMETERS

wMATERTAL A CONCRETE BASE SuB BASE  SUBGARDE
THICKNESS 100 3,08 4200

POISSONS RATIO 30 40 _ »4S *80
COF VARPERCENT 28400 28,00 28,00 28.0¢

VARIATICNS OF € VALUES IN SPACE AND TIME

MATERIAL CONF i JANUARY FEBRUARY MARCH APRIL MAY JUNE
JULY AUGUSY SEPTEMBER OCTOBER  NOVEMBER DECEMBER

A,CONCRETE +25 1330200 1180883 1138984 748238 498028 332580
299961 249413 3491775 540394 690041 10893101

MEAN 1600000 1420000 1370000 900000 600000 400000
350000 300000 4200009 450000 830000 1310000

BASE «25 19953 19983 19983 12969 14968 16295
9268 19953 19953 19953 19
MEAN 24000 24000 24000 15600 18000 19800
21690 23200 20055 . 2400 24000 24500
sus BASE 2% 10974 10974 10974 4238 T1i80 8147
9 9694 10143 10309 10642 10974
MEAN 1320 1320 13200 _ 9800
10800 11660 122 12400 12800 132
S, ,BGARQE 28 5487 saa7 Ss87 2993 k14 4074
489 822 5071 £18% 8321 8487
KEAN 6600 5600 6800 3600 4300 4900
$400 $800 6100 6200 6400 6600

CRACKING INCEX AND RUT DEPTH INDEX ExaMPLE PROBLEM

N

v 6,5E=07 & (1/E) o8 3,18
LOG  STANGARD DEVIATION OF ,2%
AND CONFIDENCE LEVEL »05

TANSENTIAL STYRAIN

LOAD & DEPTM 1
JANUARY FEBRUARY MARCH APRIL MAY JUNE
JuLY AUGUST  SEPTEMBER OCTOBER  NOVEMBER OECEMBER

¥EAN VALUES

2.027E=04
2,264
conrF 101

»076E-04 2,009E~04 3,365Ex04 1,573E«0é 2.660E-0%
Ew0h 1,948Ew00 1o814Ew04 2,232Ew04 24221E~04 2,105E~04
ENCE VALUES

2.438E«04

ADTE=04 2 B13E04 4, 048Ew04 I,696E=04 3,20TE«04

2.T4BEa04 2,343E404 1,822Ew04 2,6B5C-04 2.6T1E=04 2,532E-04

N TABLE = ACTUAL
FROM TRAFFIC pATA INPUT

JANUARY FEBRUARY MARCH APRIY MAY JUNE
JULY AUGUST  SEPTEMBER OCTOBER  NOVEMBER DECEMaER
LOAD [
FIRST YR -g L1 =0 -0 -0 -0
=0 -5 - 400 4700 14600
SECCNEYR 16900 23200 17700 21900 11100 i
33700 399¢0¢ 38500 31000 317100 31500
3R0 YEAR 31800 73400 8BR00 13800 T4000 13000
67100 68600 63700 74100 4500 g
N TASLE -« THEORETICAL
LOAD [
conf JANUARY FEBRUARY MARCH APRIL MAY JUNE
LEVEL JHY AUGUST  SEPTEMEER OCTOBER  NOVEMBER DECEMBER
. 050 71798 72098 19632 15816 20709 32529
53184 Bu304 196567 87224 58188 69955
WE AN 360776 334332 327547 71953 96030 18084

4 8
246633 409494 911550 2653710 269841 319767

6L¢



CRACK

LOAD L]
YEAR CONF

1

2

3

MON
1

-~ O W’ e e N

10
11
12
13
14
15
1¢

« 054
MEAN
054
NEAN
054
FEAN

TH  CONF

»0839
HEAN
+0939
NEAN
«0839
REAN
#0539
MEAN
«0%39

«0%539
NEAN
«053%
sEAR
«053%

ING INDEX AND RUT DEPTH INQEX EXAMPLE PRDBLEM

HOACTUAL s N THEORETICAL

JANUARY FEBRUaRY
JULY AUGUSTY
0, O '
Oe (1N Q.
0 0. o,

.

MAHCH APRIL MAY JUNE
SEPTEMBER OQCTOBER  NOVEHBER DECEMBER

0. e,
64990Ew0) 5.0775302 2,117€=01

0o .
0e 0, O 14507€=03 1,742E=02 4,966E-02
2,172E=0) 3,210E=0)1 2,506E401 ),411E+00 8,257€=01 1,011E¢00
6,336E=01 4,518E01 1o964Ew0] 6.486E=C1 6,479E=0) 5 438E-0]
4,884E=02 6,939E02 B.404E«02 3,044E~01 T.781E.01 2,181€-01
1436LE=0]1 9,744E202 4,235€202 14394E-01 1,397€=01 1,173E01
¥,045E-01 1,018E¢00 1,206E000 4,737E400 3,573E+00 2,244£+00
1,282E000 7,769Ex01 3,241E%01 1,2958600 9,418E-01 04
8,731€+02 2,195E+01 2,601E«01 1, 022E400 T,708E.01 4,830
2721F%01 1.67SEw0] 8,9080«02 2.792E=01 2.031E=01 o,

(NN T O LOGIN/NIT  LOG Sp K A [31
[] - - - 8 0
;] -

i - - - 9 b]
° -
L] - - - ] ]
] -
] - - - ¢ [
['] -
0 - - - 0 0
o -
] - - - ] 0
o -
1] hd - - [} Q
1] -
0 - - - ] s
[ -
[ - - - 0 []
] -

6,930E=03 «2,1568+00
1+5073E=03+2,8218E+00
B8,776E%02 =1.,0%TE¢00
148928E=02+1,7230£+00
2,995€=01 <5,236g-01
62ASBIE=021,1899F+00
5,167E~0) =2,867gw0)
101143E701+9,5301F=01
8,305E%0] +7,648¢-02
1:8082E=01~T,4276£~0]

42183051 6.81E000 3.26E<13 3.268-10

4,143F00]1 4416E400 1+87E«05 14STE=02

4,143e0] 2.87E+00 2.04E~03 2,04E00

4o143E~51 2+30E400 1407E=02 1,07E401

4,143E=31 1.79E¢00 3.65E=02 3. 68Fe01

1,089€900 3,TO7E=02 4,143€=5] 1.528+00 6.,44E~02 Geaileol
2.3&865‘0%'9‘292ot-01

2.5018000 "3,980E~01 4,1432=5] 6.4TE«0]1 2.89E~01 2.59E+02
5e3922E=01e2,6823E-01

MONTH
17
18

20
1)
22
23
[L3
25
26
27
28
29
L] ]
3N
az
33
34
as
3%

CRACKING INCEX ANU RUT DEPYH INDEX ExXAMPLE PROBLEM

CONF

«0829
KEAN
«03239
MEAN
«0539
MEAN
+0839
INEAN
» 0539
WEAN
« 0539
MEAN

(NAN) T

3.326E400
7
3.33e8400

1728E=01~

LOG(N/NYT

5.220£-01
), 4431E-01
$.73re01

@eI8IBE~01~2,49012¢w02

4,971E+00
160720E+00
$.4236400
1s1695E%00
5,620E+00
1+2118E400
6,264E°00
1.3812E200
$.914E00p
1:4909E%00
T ASBEC00
1280826400
T.0863E%00
106958E%00
8,881E%30

N 1291512400

1,009E%01
2.1732E400
1,4828+01
3+1967E400
1.840E+01

N 3,9672E+00

24064E901

N 4+4812E%00

2,190€¢01

N 49 T232E400

2,268E°01

N 4¢8907E%00

2,300E°01
449606E+00
2.430E401

N 5,2399E¢00

2.524E%91
S+4429E°00
2.524E+01
Se4429E200

6,965¢40)
2.0203e-02
7234301
§.7984Ew02
T+497E=01
0.3432¢ 02
7.970¢r01
1.3073=01
B84397E«01
1473%6£01
8,72601
2,0634801
8,956E=01
242930201
$.485F0]
2,8218F-01
1.004£400
3,3750E-01
1,171r400
8,0470E-01
1,265g400

3, 9849E.01

1.318E+00
6,484T7E~0)
1+341£+00
6.T424E~01
1.356E+00
6,8938F=01
14362200

$,95542001)

1.386¢00
T+1932g-01
14028400
743583g«01
144026000
7.3583£-01

106 90 13
44143801 3,48E=01
4,143E=31 7.00E-02
A4 143Em(]wT 429E=02
4,143Ewiin1 0 64E=01
4,143F-51=2.01E=00
4,143E=41~3,16E~01

XSS IHESTTIESL L1 )]

4,143E=31=4.98E=01
A0143En))1=5.53E=0]
Ao 143Ew(]=6481Ee0]
4.143E«31-0,15E=01
4.143E01w].22E000
4o [AIEw( =) o 44E0 00

4u]438(31¢1+5TESQO

4o A3EwRim] 4 63EXD0
401438 «(1=]1+66E400
4.43pu01w]1.68E000
43183EmG1w] JT4E400
44143E=01~1+TBE00
A142E=G]1"1T8E00

A
3e64E=0]
4.72E%01
Se29E=0)
S465E=01
S.80E=01
6e24E=01
6e62E=01
6491E-01
T+10E=01
7+52E%01
Te92E=01
BeBBE~0]
9+26E=01
9e41E~01
9+48E=01
9:82E=01
9¢83E=01
G+89E=01]
QebpE=01
9+82E-01

¢t

A.64E402
4LTIES0R
S.29E402
Se685E+02
SeBGESDZ
6.232*62
6463E+02
6e91ES02
Tel5E402
T+52E402
Te92E002
BoROE#02
9.26E+02
Se4iE+02
9.48E002
9452E+02
9.83E¢02
9.89E¢02
9$,63E402
94620402

08¢



RADIAL sseses  JANUARY oyogees  anesss FEBRUARY o4, s0ee YEAR 1

LOAD MATERIAL PRESSURE VERTICAL STRESS RapIal. VERTICAL STRESS RaDIaL JANVARY FEBRUARY MARCH APRIL MAY JUNE
{INPUT) MEAN DESIGN STRESS MEAN oESIGN STRESS HI=LO=REPT
BASE Qe Qe [ [ [N G
[ SuB AaASE O Qe ' 'N Ge '
8ASE 24,278 ~2A.2TH #1,862 =24.996 =24.996 <~].641 SUBGARDE 0e 0s ' Oe %, 0
SUR Base "12,854 »12,854 1,000 ~13,149 =13.149 «],000 CUMNMULATIVE
- BASE 0. G O ['N O [
SUBGARDE 3,500 «Bo438 102303 1,633 «8,5T2 <10.44] «],632 SUB BASE O 0. ' I '™ o
SUBGARDE L O 0. Oo 0, Qe
STRAIN TO BEQINKING OF MONTH
Base Ge LE O» Os 0. Os
SUB Bast Os Qs G O D Qs
sennesr Hlagﬂ sessess  caetay "nxL eresesd  stsses MAY savaase SUBGARGE Os Os 8Os [ 19 L 5 Co
YERTICAL STRESS RADIAL VERTICAL STRESS RADIAL VERTICAL STRESS mADIAL STRAIN THROUGW MONTH
MEAN pESIaN STRESS MEAN UESIGN STRESS MEAN n;s:ou STRESS BASE Qs Qs G [ 18 Qs O
N SUB BASE O G 0. Ge 0s 0»
“28 208 «25,R06 <1,687 «24,306 24,304 <]1,000 =27.23% S27,234 L.1,000 SUBGARDE 0a 0s O Oe O o
* 13,23 «13,238 «1,000 =12.416 «12,418 -i.ooo «13,71] 13,711 1,000 BEPTH
8,612 #1048 <«1.831  «B.OT] ~10,027 1,844 8,754 10,679 o1.578 (11134 7Y
SUB BasE LI
SUBGAROE

YERT. D8R, 1.625Ew02 1+838Cmg2 |,842Ew02 2e901E-02 2.534E-02 2.298f=02
¥ STRESS =T7.796e00 ~7+9328¢00 #7.972E000 #7.431E900 *B.110E+00 =B 4T75E000
R STRESS «4,92)0wg) «9,9158e0] «g,914€=0) =9,544E=0] =9.3820-01 =9.948E~01

vevars  JUNE  L,uemas eseser  JULY  cyeerss sewsue AUGUST 4 iesee OEFORMATION AT MONTW N
VERTICAL STRESS RaDIaL VEATICAL STRESS RaDIAL VERTICAL STRESS aaDIAL BASE 0o 0. 0 [ O [
NEAN OESIGN  STRESS mMEAN UESIGN STRESS MEAN DESION STRESS SUB BasE G 0. O 0. 0. 0o
SUBGAROE Ge 0 Q. 0. O Qo
w29.420 220,428 =1,328 30,121 =30,121 «~1.726 =30,692 10,692 .2,287 OLFORMATION QUE To REPITIONS THROUGH MONTH (N_1}
14,840 =14,848 21,000 «15.225 =15,225 «},000 =1%,%79 15,879 .1,000 8ase 0o 0 .0 9s Qe [0
#9315 @114180 =1.4635 9,504 «11.339 1,666 =9,880 «11,476 .1.704 VB 0ASE g O O 0. 0o O
SUBGAROE O Os Oe Oe 0 Qs
DEFORMATION aT MONTH N ~ DEFCRMATION AT MONTH Ne)
UA%E -] Qe Qs Ga O Qs
SUS aasE 0 0, 0e 0, 0. 0s
SUBBAROE [ Oe [ 0. [ [
wovens SEPTEMPER,suvoes ovcoge OCTOBER ,uueuer ossone NOVEMBER o vaaee CUMULATIVE OEFORMATION THROUGH MONTHM N
VERTICAL STRESS RaDlaL VERTIcaL STRESS RanlaL VERTICAL STRESS RADIAL BASE 0o O [} 0 0. 0
WEAN DESIGN STRESS MEAN DESIAN STRESS MEAN DESIGN STRESS U8 BasSE 0 0. 0, 0 LD 0.
) SUBGARDE 0e N A 0 '8 [
17,572 «17,572 <1.000 «28,575 ~28,57% <1 451 27,686 427,686 .],858 TOTAL CUFULATIVE DEFORWATION RUT DEPTH
9,911 =9,911 «1,000 «14,517 «14,%17 -j,000 «14,202 14,202 .1,000 0 0 0. 0 LD Ge

6,989 «6,836 1,623 29,169 «11,045 <1,624 9,038 .10,913 .],628

esseve DECEMBER ,ereees
VERTICAL STRESS RaDIAL
NEAR QESIGN STRESS

~25,458 ~25,488 =1.7T00
*13:343 =13.343 =1,000
«8,662 210531 1,631

I8¢



YEAR 1

JuLY AUGUST SEPTEMBER R
WeLDRERT £ OCTOBE
BASE On 0 [ 4o (OO0ESD?
sue mase o 06 o 42300E+02
ARD 0 0 0 40 *Q
CUMMULATIVE o00E<02
BASE O O [ 4eQ00ES02
SUB BASE 0. 0e 0 423008005
SUBGARCE 0. [ e 4,000E+02
STRAIN TO BEGINNING OF MONTH
BASE G O N 0o
SUB BASE Qe Oe Oe 0o
SUBGARDE Geo Oe O o
z::z:n THROUGH MONTH
0o Oe 0 3.600€000
Mage no % ¢ e
. H Oe T+293E=01
DEPTH
BASE 3.0
SUB BASE 4,0
SUBGAROE
VERT, 0SPs 2,]108F«02 1:983Ee02 |,.3596En02 1 .AQ1E~02
V. STRESS w8,868£+00 =9.060E+00 =6u310F005 =8 93900
R STRESS =1,020E¢00 =1,084E400 «5,831E«0] «g§,940F=0]
SEFOanATIOh AT MONTH &

SE 0 0 [ 8,999E«02
SUB BASE g, 0. o, 6e812E02
SUBGARCE O 0 0 1,679E=01
DEFORMATION DUE 10 REPITIONS THROUGH MONTH (Nel)

BASE Qe Qs O« O
SUB BASE e 0 0. 0,
SUBGAROE 0 0 O %
giggnnntxon AT MONTH N = DEFORMATION AT MONTH Nej

[ 0 ¢ 8.$99E=0
SUB BASE g4 0 o 6ee2E-05
SUBGARDE Os s fe 1.079E=01
CUMULATIVE DEFORMATION THROUGH MONTH N
BASE ' Os 0« 8,995E=02
SUB BASE [T} O» Do 6eA1BE=02
SUBGARDE 0 0, Os 1.079€=0]
TOTAL CUMULATIVE OEFoRmATION RUT OEPTH

0 O Gs 2.620E=01

NOVEMBER

4,700E402
4.700E003
4.T00E+03

S,100E403
S5.100E«03
5,100£40)

2.828E400
1.575€400
T+020C-01

1.887E400
1717200
1e191E400

1.733E-02
-8,398E400
~3.852E01

14070801
6§.867€w02
1,782€01

7.87TEw02
6.298E08
14080Ea0)

2+824E-02
5,690C.03
7.318E.02

1¢J82E=01
6:981E02
1.811€~01

3,692Ew01

OECEMBER

1edgEe o4
1.460E404
1o460E+ 04

1.979E«04
1:970E04
1970804

2.933€+00
14637E400
1.06TE+00

3.353E400
1.720E+00
1:294E¢00

1+8468=02
«8,023€400
9491 3E=01

1+006E=01
081802
2,0008»0)

8+800E~02
6.54pE~02
11640E=0]

1+258E~02
3+334E+03
3.801E~02
1+308E~01
TedlaE~02
2+171Ew01

4,211E=01

YEAR 2 .

JANUARY  FEBRUARY MARCH APRIL
RI=LD=REPT i
BASE 1.690E¢04 2.320Ee04 §,770E¢04 2,i90E¢04
sUg Bast 14690E¢08 2,320E¢04 1,770Ee04 2,190E+04
SUBGARDE 1.690E¢04 23208404 1,770Ee04 2,190F+04
CUMMULATIVE
BASE Je660E+04 5.980Ee0s  7,750E404 9.940E+04
SUB BASE 3.680E204 Be9B0Ee04  7,750E404 9,940E004
SUBGARDE 3.680E404 5.9808004 7,7T80Ee04 9,940E404
STRAIN TO BEGINNING oF MONTH
BASE J.191E400 3.481E400 3,661C+00 4,334E400
SUB BASE 1.673€400 1.741E000 .779E400 1.655E%0¢
SUBGARDE 102086400 1,363E000 .464Ee00 1.201E¢00
STRAIN THROUGH RONTH
2ASE 3.377E¢00 :631E¢00 3JoT41E€00 44427E%00
SUB BASE 14714E%00 1:7718e00 1.795E¢00 1.8T1E€00
SUBGARDE 13086400 Je4a8Beg0 1,508E000 1.338E«00
DEPTH )
8ASE 3.0
SUB BASE o
SUBGARDE
VERT, 03P« 1,625E~02 1+638E=02 1,642E%02 2,901€~02
V. STRESS «7,798£400 =T.932E00 =7,972E¢60 =7,431F+00
R STRESS =9,9R7E~0] *9.915E0] <9,914E«0] =9,044E%0)
DEFORMATION AT MONTH #
BASE 1¢013E%01 1.089€w0) 1,122E=0] 1.328E+0)
SUB BASE 64898Ew02  7,086Ee02 7,182E<02 ¢.683E~02
SUBGARDE 2.080E=01 2.3518a01 2,3406.01 ),982Ee0}
DEFORMaTION DUE _TO REPITIONS FHROUGH MONTH (Nel)
BAsE $,5T4E=02 1,044E-01 1,088E<0] 1.300E-0]
SUB BaASE 6,701E-02 8,964E.02 7,118£.02 &, 62202
SUBGARDE 14908E=01 2+123E=01  24271E=0] 14923E~0]
ODEFORMaTION AT MONTH N = DEFORMATION AT NONTH Naj
BASE 5.585E=03 #.520E«03 2,400E«03 2,806E<03
SUB BASE 1548603 [,220E03 6,393E~04 6.]22E=04
SUBGARDE 1:870ce02 1.,2848w02 4,839E-0) 8,390E%02
CUMULATIVE QEFQRMATION THROUGH MONTH N
8ASE 1e364E=01 1.409E=01 ]1,433E401 1,481E-0]
SUB BASE 7.089E~02 74591E=02 7,.655E=02 7,7)18E~02
SUBGARDE 2.,329E~01 2.457E=0] 2,525EwQ) 2,584F=0]
TOTAL CUMULATIVE OEFQRMATION RUT DEPTH

AJASOE=0] 4e625E<0] 4,T24E=01 448)TE~0]

MAY

1eT10E04
1.7108+04
1.710E04

12165E05
121653€405
1,165E005

%.509E400
15803E+00
1372E400

5e881E400
1+813E400
1+600E«00C

24534E.02
~8,114E.00
=9.352E+01

1e6T4E-D
T+281E=0
2.429E<0

1.653E.0
1,213€,02
24388Ea0

2,159E.02
3.852E-04
§o337E-0?

1.483Ea0
7 ¢ TS5E =08
2+628Ew0

#¢888Em0]

JUNE

3,29¢E¢04
3.29¢E+04
3.290Ee04

14945008
1e494E¢ 08
12494E+05

54950E+00
19418000
1+898Ee 00

&2 065E¢00
1956E+00
1+946E¢00

24298E=02
«8 $TSE+00
«9,948E=0]

1+82GE=01
7.823E=02
2,853E«01

1.785E=01
7.763E402
24778E=01

3.475E=0)
S.954E =04
T+531E=p2

1.5182-0]
71814E-02
2¢703E0]

5.002E~01

8¢



YEAR 2

JuLY AUGUST SEPTEMBER OCTORER
MHIeL0-REPFT
BASE 3.370E%04 3e990Ee04 3,860E¢04 3.700E+04
SUB BASE 3.370E+04 J.990E¢0s 3,860E%04 3.700E+04
SUBGARDE I,IT0E«04 3.990E+04 3,860E408 3,700E+04
CUMMULATIVE
BASE 1.831€405 2.2308408 2,616E405 2,906FE+05
SUB BASE 1,831€+405 2,230E+05 2,616€40% 2,986F¢0S
SUBGARDE 1,831F008 2.2308408 2,616E408 2,986E+08
STRAIN TO BEGINNING OF MONTH
BASE 5,702E400 S+194E400 2,932E¢00 5,739E+00
SUB BASE 2,008€400 2.0678e00 1.378E.00 1.988E+00
SUBGARDE 2.059€+00 2.2028400 9.905€-0] 2.021E+00
STRAIN THROUGH MONTH
BASE 8,788E¢00 $0266€400 2.969E+00 5,.795E+00
SUB BASE 240206400 2,0788400 1.380E¢00 1,993E¢00
SUBGARDE 2.103E400 2,246E400 1,000E400 2.047E¢00
DEPTH
BASE 3.0
SUB BASE 4.0
SUBGARDE
VERT, 0SPe 2.108E=02 1.983E=02 ],.598E=02 1,801E=02
V. STRESS «8,804€400 =9.0408¢00 =6,319€400 «8,529E¢00
R STRESS «1,020€400 =1,0648400 «9,831Ew0] =9, 840E=0)
DEFDRMATION AT MONTH N
:G:Ee 1.1335-01 :.:ags-ox 8.907E<02 1.739€-01

ASE 8,078€~02 84313802 ¢,351F=02 7,970E=02
SUBGAROE  3,093E-01 3,239B-01 1,836Ee0] 3,030€-01
OEFORMATION OQUE 10 REPITIONS THROUGH MONTH (N=1)
BASE 1,711g=01 1.558E-01 8,797E=02 1,722E=01
SUB BASE 8,0306-02 8,267€=02 ¢,313E-02 7,940E=02
SUBGARDE 2.991€=01 3.176E-01 1,8106=0] 2.991E-01
OEFORMATION AT MONTH N = DEFORMATION AT MONTH Na)
BASE 2.,992E203 2.157E=03 1.102E=03 1,677E=03
:ggeaAsg ‘.a:;:-o‘ ‘.eocg-o‘ 3.814E=04 3,085E~04

ARD 6.,380E=03 6.340Lw03 2,810E+0) =0
CUMULATIVE DEFORMATION THROUGH WORTH N 3.901£°03
8ASE 1,543E~01 1,565E-01 1,576E-01 1.593¢~01
suB BAsE 7.802E-02 7,909€E-02 7,947E~02 7,977€=-02
SUBGARDE 2,767€-01 2,8308.01 2,8588-01 2.897€-0)
TOTAL CUMULATIVE DEFORMATION RYT DEPTK
5.096E=0] 8.186E=0] §,229E=9] 8,288E-0)

NOVEMBER

3.7T70E+04
3.770E«04
3,770E.04

3.363E405
3.363E40%
3,363E.0%

$.,072E,00
1.965E400
1e974E400

$.116E400
1e972€400
1.996E+00

14733002
-8.398¢.00
=9, 852€.01

1.53%5€-01
7.886E-02
2.986€<01

152201
7.859€.02
2.952€-01

1¢319€-03
24729E-04
3.4182.0)
1.606€-01
8,004€-02
2,931E.01

$.338E=01

DECEMAER

3. 753E+ 06
3.75qE04
3,750E+04

3.738€405
3.738E+05
3.730E408

4.233E+00
1.893E+00
1eT84E+00

4.266£400
1.899E+00
1.802€400

1e64gE=02
=6,0226400
«9,913€-01

1280€=01
7+596€=02
2.768E=01

14270€=01
T«572€=02
2.7%6L€=01

9.843E~04
2.42]1E=04
2+817€=0)
1:616€-01
8,029E=02
2,9%9€-01

5+378E=01

YEAR 1

JANVARY  FEBRUARY MARCH APRIL
K1=LD=REPT
BASE 3.150E%04 7.J40E+04 ,520E+04 7.350E+04
suB BASE 3,150E%04 T.340E+04 p,520E¢04 7,350E¢0s
SUBGARDE 3,150E%04 T.340E+04 B,520E¢04 7,350E04
CUMMULATIVE
BASE 4,033E+05 4,T8TE«08 5,639E+08 ,374E+05
SUB BASE 4,0S3E008 4,787€405 8,63PE«08  6,374E+0S
SUBGARDE 4,053E005 4.78T8e0% 8_639E¢05 &,374E¢0S
STRAIN TO @EGINNING OF MONTH i
BASE 440TOE€00 44219E¢00 4,30JE000 8,0R0E+00
$UB BASE 1.854E400 148B8E¢00 1,903E¢00 1.773IE+00
SUBGAROE 1.681E400 1.767Ev00 1,817E*00 1.495E+00
STRAIN THROUGH MONTH K
BASE 4.1008000 4.270E¢00 4,354E¢00 S,126E+00
SUB BASE 1.859g000 1.898£+400 1,912E400 1,780€400
SUBGAROE 14694E+00 1:795€¢00 1,845E600 1.513E+00
DEPTH
SASE 3,0
SUB BASE 4e0
SUBGARDE
VERT, OSPe 1,625€=02 1+638E=02 1,642E=02 2.901E=02
V STRESS =7.796E¢00 «T¢932E+00 =7,972E400 «7.431E+00
R STRESY =9,927E<p) =9.9158=0] =9,914E~0] =9.54e€-0]
DEFORMATION AT MONTH N
8agE 10230E%01 1¢281E=01 1,306E=0]1 1.538E-01
SUB BASE Te436E~02 Te381E-02 7.649E=02 7,]1BE=02
SUBQARDE 2.0718=0) 2,7988-0) 2.863E-9] 2.421E=0)
GEFORMATION DUE T0 REPITIONS THROUGH MONTH (Nel)
BASE 1.223E=0] 1.2668=01 }.291E=0] ].824E=0]
SUB BASE 7.410E=02 7.843E=02 7.612E=02 7,591E=02
SUBGARDE 2.650E=01 2.7%52E-0) 2.820€=9] 2.392E=0)
BEFORMATION AT MONTH N = DEFORMATION AT MONTH Naj

To295E~04 10532E=03 ],516E=0% 1,3R2E=0)
SUS 8ASE 10846E=04 4798804 3,650E<04 2,712E«04
SUBGARDE ‘2,058E203 40350203 4,321E«03 2,809E=0)
CUMULATIVE DEFORMATION THROUGH MONTH N
BASE 106236201 14638E401 ],684E<01 1.667E=0]
SUB BASE g.00%e-02 @.08%E-02 a.12]€-02 8,jeBE-02
SUBGARDE 2.960E=01 3.024E«01 3,067€=01 3,098E=01
TOTAL CUNMULATIVE DEFORMATION RUT DEPTM

5.408E~0]1 Se471E=0] 8.533E-0)] S.578E=01

MAY

T400E«04
T.400E«04
T+400E«04

Tell4E+0%
Tel14E409
Tel14E409

6,381E400
10911E400
1.906E400

S.401E400
1.917€400
1.926E€400

2.834Ea02
«8,114E.00
“9.352E~01

1.920€-01
7669€-02
2.923€-01

1.905E=01
7.645E202
24893E-01

1.494E=03
2038904
3,001€a03
1.682E=01
B8e172E02
3,126E-01

5.625€-01

JUNE

TeJ0QE+04
7.300E<04
T¢300E+04

TeB44E05
7844E40S
74844E405

6.791E+00
2.044E000
2.269E400

64836E+00
24080400
2,289E+00

24298E-02
«B8,678E+00
“9«94g€=0]

2.051E=01
84199E=02
34354E=01

2¢037E=0]
8.178E=02
3.326E=01)

14363E-02
2.091E=04
2,953E=03
1.694E=01
8+193E=02
3.188E01

5.671E~01

£8¢



YEAR 1

JuLY
HIwlD=REPT
BASE 6.T10E404
SUB BASE 6.T10E04
SUBGARDE 6,7T10E+04
CUMMULATIVE
BASE 8,515g+08
SUB BASE 8,315E 0%
SUBGARDE 8,51%E+05
STRAIN TC BEGINNING oF
BASE 64406€900
SUB BASE 2.101E00
SUBGARDE 2.418€+00
STRAIN THRQUGH MONTH
BASE 6,441E000
SUB BASE 2,106E+00
SUBGAROE 24434400
DERPTH
BASE 3.0
$UB BASE 4.0
SUBGAROE

VERT, 0SPe 2,]108Ew02

AUGUST SERTEMBER

6.8606+04 §,3706404
6.860E+04 4, 370E¢04
6.860E006 &, 370Es 04

9.,201E405 5, 53BE«08
9.,201E«05 5,838E+08
922018005 o,83BE008
MONTH

5,758E400 3,259€%00
241536400 1,6%9E¢00
2,5488000 1,127€e00

$.783E400 3,274E400

201578000 1.663E000
2,5626+00 1,133E000

1¢983E02 ) ,998Ew02

¥ STRESS =B ,A6AE+Q0 «9,040E+00 =6,319E400
R STRESS «1,0206400 »1.064E000 =9,831Ee0)

CEFORMATION AT MONTH N
BASE 1.932601
SUB BASE Bes23E~02
SUBGARDE 31,535e~01

1+735€=01 5,822E=02
Be62TE=02 §.652E%02
34698801 2,071E-0]

OCTORER

Te410E204
TuklOE*Ce
T+410E+04

1.088E408
1.058E¢06
1,08BE06

6.299E¢00
2.058E+00
2,285E+00

64330E+00
24962E000
24299E+00

1e801E=02
D 829E+00
9, BAOE=T]

1+859E401
84248E»02
3.403E-0)

CEFORMATION DUE 1O RERITIONS THROUGH MONTH (Nw1}

BASE 1+922E=01
SUB AaSE B,406E~07
SUBGARDE 3.509E=p)
QEFQRMATION AT MONTH K
BASE 1.046E=03
SUB BASE 1.738E=04
SUBGAROE  2,567E=03
CUMULATIVE DEFORHATION
BASE 10706E~0]
SUB BASE B8.211E~02
SUBGAGDE 3,181¢g-0)

TOTAL CUMULATIVE DEFORPATION

3,709Ew01

1+726E=01 9,776E«q2
8,611E=02 ¢,638Ew02
3e670E-01 2,060E=p)

14890E=01
8.333E=02
3,381E-0)

= DEFORMATION AT MONTH Nei

B,4T9E=04  4,622E=04
126248204 | ,443E~04
2.492B03 1,178E%03
THROUGH MONTH N
1:715€=01 1,720€=0)
8,2278<02 @a.241E-02
3,2066=-01 3,218E~0]
RUT OEPTM
5.744E=01 5,751Ee0}

9 e206E=0h
1¢811E=04
2.141E03

14729E%0}
Bo286E=02
1.239€«0)

5, F94Ew0]

NOVEMBER

SehBUEO4
S.420E004
5,480Ee04

1.113E406
1.113E4086
11136406

5.939E.00
2.034E.00
2.217Ee00

5.,958E400
2,037€400
2,226E400

1.7338=02
8 4398E+00
=9 8%2E-01

14667Ew01
8,148E-02
34330€.01

1+662E=01
§,137E-02
3.316€~01

S+60ZE=04
14045Ew04
1.452€.03

14734E401
8.267E-02
3,254E201

5,815E40]

OECEMAER

[ 1Y
Os
Go

1.113€606
1e113E+06
1el13Ee08

& eB0%ESDD
1:959€400
1+990E400

4.605E+00
1.95qL«00
1+990E00

1+646E=02
=8.0228+00
~9.913E-01

1+38}E~01
T+834E=02
3.078E01

lo:!i!‘ﬂl
TeBINE=02
3.075E=p})

[ 1
[ 1
De

16734E=01
8.267E~02
3.254E-01

5.815E~01

5 ALG T1

v2EJ872

UNIVERSITY OF TEXAS 6600 Ul 2

16402,50 CRX»#1074117000,77,CEDCOLS4s JAIN,
16,02,50 BLOWUP (CRRDEX)

16402.50
16,48,22
648,22
16.48,30
16,48,30
16.52.10
1652411
1652,11
16492411
16482.11

RUN_ £S5}
CTIME 0124100 SEC. RUN® LEVEL 60¢
180
LOADER UNUSED STGRAGE 02420,
« TZO0OCH 8,563CP  945MS onMT
END « CRxDEX
NS 1231 pRU,
cP 58,072 SEC,
PP 28,178 SEC,

™ 62,996 SEC, 17 (0CTAL)

%82



APPENDIX 4.6

REGRESSION ANALYSIS FOR CRACKING-PATCHING VERSUS ROUGHNESS INDEX



STEFO0l = STEPWISE REGRESSION = VERSION OF 0CT, 18,1968
TPE UNIVFRSITY CF TEXAS CENTER FOR HIGHWAY RESEANCH

REGRESSION ECUATION FOR

FRCBLEM COCE
NUMBER COF CASES

LEVSV]

AND LGP

LRSvLC

NUMBER OF ORIGINAL VARIABLES
NUMBER OF VAR1ABLES ADDED
TCTaL NUMBEF CF VARIABLES
NUMBER OF SLu=PROLEMS

INFUT paTa

PRCBLEM CarD

95
7
3

10
1

ROBL¥  LPSVLC 95 7 3 2 1

TRANSGENERATION CaANDS

TRAGEN 822  1=0.000

TRAGEN §10 ¢ 3,000

TRMGER 1010 2 2,000

LABEL Canun

LAE JLRS¥SY 2 LCcP 3 01 4 £z

LAE RaRCTAN 9 CBLCP 10 SGLCP a9

VARIABLE FORMAT CARD

5F7419v2BXs2F70 1)
Co ae 3,00000000€E+00
-3¢00000000E=01 2.00000000L+00 2,00000000E+00
B.45000000E=01 2.93000000E+0C 3,00000000E+00
Gs e 4,00000000Ee00
€e15000000E=01 2+/2000000E400 4,00000000E+00
[ Oe 3,00000000E+p0
€.90000000E~01 <£.96000000E«00 3,00000000E+00
Ce 9 4,00000000E¢00
€e50000000E=01 Z2e%0000000E400 #,00000000E+gn
G Ge 3.00000000E+p0
2450000000€E=01  2.00000000£¢00 3.00000000E+00
€400000000E~01 2.74000000E%06 3.000000005+00
Ge 0 2.00000000E+00
€+80000000E=01 2425000000L+00 2,00000000E400
$+50000000E~01 2.Y5000000E%00 2,00000000E00
Ce De 3,00000000E+00
3420000000E=01 1491000000400 3,00000000E+00
[V O 2+00000000E%0n
2,€0000000E«01 1¢71000000E400 2.,00000000E+00
‘£410000000E=01 2400000000400 2,00000000E+00
€¢80000000E~01 <2el0000000E*00 2,00000000E+00
Co Do 1.00000000E%00
1475000000E=01 14320000006400 1,00000000E+00
9¢10000000E=01 <24V0000000E+00 1,00000000E+00
Co Ge 1.000000005000
2450000000E~01 2,080000008400- 1,00000000E+qp
4e10000000E~01 2416000000E+00 1,00000000F+00°
4440000000E=01 2.23000000E+00 1,00000000E%g0n
Ce 0 S 4,00000000E+00
4460000000E~01 2,260000005400 4,00000000Ee90
£,50000000E~01 2,%6000000t¢00 4 _00000000E«q0
Ce e 1,00000000E+00

10 YES YES YES

0'
0.
o.
0'
Q.
3,00000000E%00
3,00000000E+00
3,00000000E+00
3,00000000E+00
0'
0.

Ol

3,00000000E+00
3,00000000E+00
3,00000000E+00
6,00000000E+00
6,00000000E+00
0,

o,

0,

nl

3,00000000E+00
3,00000000E¢00
3,00000000E400
3,00000000E+00
3,00000000E400
3,00000000E«00
3,00000000E00
3,00000000€+00
3,00000000E+00
3,50000000E400
6 _00000000E+00

T NXL

8:00000000E«00
a.00000000E+00
8.00000000E200
1.20000000E«01
1.20000000€01
£.00000000E00
A.00000000E+00
4,00000000E400
4,00000000E+00
8.00000000E+00
ReUB000000E«0T
R«00000000E+00
Bs00000000E+00
R8+00000000E+00
ReU0000000E¢00
4,00000000E+00
4.00000000E+00
4400000000E+00
4,00000000E+00
4.,00000000E%00
44.00000000E+00
0.

Ne

Ce

4,00000000E+00
4,00000000Es00
4,00000000E«80
4,00000000E+00
4,00000000E+00
4,00000000E+00
4, 00000000Es00
4,00000000€+00

3.20000000E¢01
3,20000A00E¢01
3.20000800€40]
3,20000000E%01
3,20000A00E+01
3,20000r00E%01
3,20000400E401
1.80000000€45]
1.80900400E%01
1.80000n00E+01
1.80000700E+n1
1+B0000n00E*01
2,40000n00E%01
2.40000n00E%01
2.40000r00E%01
2,40000A00E401
2,40000A00E*01
2.00000400E%00
2,00000n00E400
2,00000000E000
2,00000A00E%00
2,00000n00E+00
2,60000000E*00
2,00000000E%00
6.00000000E%00
6,00n00a00E200
6.00000700E+00
5,00000000E+00
1.20000A00€E¢01
1,20000400€+01
1.20000a00E401
65,00000n00E+00

2.,00000000Een0
R,00000000Een0
2.00000000Eenn
2,00000000E¢n0
240000000nEent
2.00000000Eenp
2,00000000E+00
100000000E¢n0
1400000000Eenn
1.00000000E400
1.400000000€0n0
100000000E¢00
2.00000001E900
2,00000000Ee00
2,00000000E+00
2400000000Eenn
2400000000Een0
1.00000000Eenn
1.00000000Een0
1400000000E8n0
1e00000000Esns
1000000008400
1.00000000Ewns
1.00000000E¢n0
1.,00000000Ee00
1.00000000E+n0
1.00000000E4n0
1.00000000Een0
1.,00000000Esn00
1,80000000Esn0
1,u0000000Eenn
1.00000009E49n

98¢



7.30000000E~01
Co

3,00000000E=01
4,40000000E=01

Co
4,20000000E-01

Co
1470000000E~01
2e83900000E=01
44t0000000E~01
£427000000E-01
€455000000E=01
1420000000€E=01
[
-2e08000000E=0]
€018000000E=01
€400000000E~y1
Qe
3,82000000E-01
£4270C0000E-01
€455000000E=01
1¢20000000E~01
Ceo
4430000000E=01
£.€0000000E=01
7440000000Eaul
€4£0000000E-01
2-700000005-01
L)
3459000000E=¢1
Qo
2e77000000E=91
€494000000E=y1
Ce
2430000000E=01
Co
1464000000E~01
€.80000000E=01
€4.00000000E-01
£e50000000E=01
Coe
€e40000000E=U1
€¢S0000000E-01
Ce
2e00000000E=01
€¢50000000€E-01
Ce
£4€0000000E-01
7+03000000E-01
S094000000E-91
€,46000000E-01
7,30000000E-y1
€,60000000E-01
Co
4,60000000E-01
£490000000E~y1
Ce
2472000000E-01
£¢33000000E-01
Co
€e€5000000E-01
7.70000000E-91

2459000000t e00
e

2e26000000L400
2,24000000t400

O
2,90000000E400

1+32000000c¢C0
1¢71000000E*0
2490000000t 400
24/8000000c400
2¢/9000000&+00
2.80000000c+00
Ne

2e040000L0E00
218000000400
€e85000000E+00
Oe

1471000000400
2048000000400
2492000000E¢00
2.960000c0t*00

Qe

2430000000E+00
2434000000E400
2¢40000000t400
2048€00000E%00
3.00000000E%00
Qe

2426000000400

Qe
24100000C0E%00
2420000000E¢00

De
1449000000t+00

0.

1432000060€400
1,30000000€+00
2,30000000E+00
2496000000E¢00

ge
2+/0000000c*00
2435000000E00
Je
1295000000E%00
2452000000400

Qe

2.550000005%00
2¢120000008%00
2460000000t 00
2,9600000084+00
2,16000000t400
2,00000000t400

Je
2,18000060E400
2¢40000000E%00

00
1+85000000&¢00
2+!4000000t%00

Qe
2.32000000£400
2.9600000CEey0

1.00000000E«00
1.00000000E+00
1.00000000E«00
1,00000000E400
3,00000000Ee00
3,00000000E400
2,00000000E400
2.00000000E400
2400000000E*g0
2,00000000E+90
2.00000000€+90
2,00000000E+g0
Z2.00000000E+00
2.00000000€E%00
2,00000000E+g0
2.00000000E%00
2.000000U0E+p0
4,00000000E+00
4,00000000E+00
4,00000000Ee0n
4400000000E*00
4.00000000E%g0
2.00000000E+00
2.,00000000E+00
2,00000000Ee0n
2.00000000E400
2400000000E%00
2,00000000E+00
3,00000000E+00
3,00000000E+00
3.00000000E400
3,00000000E+00
3.00000000E+00
2.,00000000E¢p0
2.00000000E+00
3,000000UVE«(0
3,00000000E+00
3,00000000E+00
3,00000000E+00
3,00000000E+00
5.00000000E+00
5,00000000E+00
5.00000000E%+00
3.00000000E+00
3,00000000E%00
3.00u00060E«0p
4400000000E 00
4.00000000E*qg
“s00000000E%qn
4.00000000E%00
4,00000000Ee00
4. 00000000Ee00
“,00000000Es00
4,00000000Ee0n
%,00000000E400
“.00000000E%0p
3.00000000E%00n
3.00000000E%q
3.00000000E%00
3.00000000E%q0
3,00000000E+00
3,00000000Ee00n

6,00000000E400
3.00000000E400
3,00000000E400
3_,00000000E400
o,
0.

3,00000000E400
3,00000000E¢00
3.00000000E%00
3,00000000E%00
3,00000000E+00
3,00000000€+00
3,00000000E+00
3.00000000E%00n
3,00000000E+00
3,00000000E%00
3,00000000E%00n
6,00000000E+00
6,00000000E400
6,00000000E400
6,00000000E¢00n
6,00000000E+00
3,00000000E+00
3,00000000E+00
3,00000000E«00D
3,06000000E400
3,00000000E+00
3,00000000E%00

0'

3,00000000E«00
3,00000000E+00
3,00000000E+00
3,00000000E00
3,00000000E+00
6,00000000€¢00
6,00000000E+00
6,00000000E+00
6,00000000E+00
6,00000000E%00
6.00000000E%00
6,00000000E%00
6,00000000E¢00
6.00000000E+00
6,00000000E¢00
6 _00000000Es00D
6,00000000E400
6,000000005400
6_00000000E400
6,00000000E400
6,00000000E%00n
3,00000000E%00
3,00000000E%00
3,00000000E%00
6,00000000E400
6,00000000E+0D
6,00000000E400

%,00000000E+00
4400000000E400
«,00000000E%00
4,00000000E40¢0
0.
0.
4,00000000E400
4400000000E+00
4+00000000E%00
4+00000000E*00
4,00000000E+00
“+00000000E¢00
4,00000000E%00
R.09000000E¢00
R+00000006E+00
2¢00000000€E+00
R400000000E+00
Qe
0.
Oe
O
Ne
Qe
0o
0.
Qe
Qe
Qe
4+00000000E+00
4,00000000E+00
Qe
Ne
fa
O
Oe
00
O
0.
0.
0o
4.00000000E%00
4.00000000€+00
%,00000000E+00
8400000000E+00
R+00000000E+00
2.00000000E00
1-20000000E+01
14€0000000E+01
1+2000000nE*01
1€00000080E+01
1.2000000nEe01
1,20000000Ee01
1.20000000Ee01
4,00000000E400
“,00000000Ee00
4¢00000000E+00
4e00000000E%00
“400000000E%00
“¢00000000E%00
1+2000000gE+01
1¢20000000E+01
1.€0000000E«01

6,00000000E* Q0
2,00000n000E«00
2,00000400E00
2,00000n00Ee00
1,20000n00E001
1,20000000E401
6,00000700Ee00
5¢00060n00E*00
5+00000000E%00
5400000700E%00
6400000A00E*30
6200000A00E%00)
6400000000E*00
1.20000n00E%01
1420000n00E*g]
1420000~00E*p]
1420000n00E%0]
1420000A00E+01
1,20000A00E%01
1420000400Ee01
1¢20000400E%01
1.20000n00E%Q)
6.,00000400E%00
©,00000n00E*00
6,00000A00E®y0
©400n000n00Ee00
©.00000400E%00
©00000400E¢00
1420000A00E*0]
1,20000000E%01
©400000n000Ee00
©400000700E®Q0
5400000A0UE® Q0
1.20000A00E%01
1,20000~00E%01
6,00000A00E¢00
6,00000A00E*00
6,00000n00E400
6,00000400E+00
6,00000n00E+00
1480000n00E¢91
l.s0na0n0UE®D]
1¢80900A00E*01
1480000700E¢01
1+80000A00E%01
1.80000400E%01
1480000a00E¢01
1.80000A00E%01
1480000A00E*01
1803500n00E%01
1,80000A00Ee01
1,80000400€001
1,80000000E%01
3,20000a00Es Q1
3,20000a00E401
3.20000n00E*0]
3¢20000400E*01
3.20000a00E%91
3420000000E%01
3.20000000E%01
3.€0000n00E* Q]
3,20000A00te91

1.00000003Een0
1.00000000E4n0
1,00000000Een0
1,00000000€¢n0
1,00000000Ee00
1,00000000€400
1,00000000ten0
1400000000Eenn
1¢00000000E+n0
1.00000000Ee¢n0
1.00009000Ee4n
100000000E¢nn
140000000nEsnn
1e400000000E®nN
1.00000000Een0
1400000000Eenn
1.00000000Eenn
1.00000000Een0
1400002000Eern
1400000000€e600
1¢0000006n€Esqn
1.00000000E«n0
1400000000Ee0n0
1.00000000Een0
1.00000000Een0
1e00000009€E400
1¢00000000E+n0
1400000000E+00
1.00000000Eenn
1,00000000Esn0
1¢00000000E400
1.00000000Eenn
1.00000000Eenn
1,00000000Een0
1.00000000Eenn
1,00060000E4n0
1,00000000Ee00
1,00000000Ee¢00
1,00000000E¢00
100000000Een0
1.0000000nEen0
1.00000000Een0
140000000nEenn
1.00Un0000Een0
1¢00000000Een0
1.00000000E¢00
1400000000Eenn
1.0000000nEenn
1¢00000000E%nn
1.00000000E¢n0n
1,00000000Een0
1,u0000000Eenn
1,00000000€sn0
2,00000000E490
2,U0000000E4n0
2400000000Een0
2.y0000000Eenn
2.U0000000Eenn
2¢00000000Eenp
2400000000Eenn
24U0000000Fs 0
2,v0000000E4n0

L8¢



$.50000000g=01

VARIABLE
LRSVSY
LCP
D1
D2

3.00006000c+00 3,00000000F«00

MEaN
37126
l,66758
2,76842
3,25263
4,7578S
14,58947
1,23158
+33184
10,18614
4,06961

STANDARD DEVIATIQN
229609
1.14127
1.04630
2,1731e
1.96988
10,05463
« 42408
«2535%
R.66436
3,09206

6,00000000¢«00

1420000000E+01

3,2000000UE0}

2,00000000Een0

88¢



CCVARIANCE MATHIX

VARIABLE
MUNMRER

-

2B E WNY

088

=313
1.303

022
061
1,095

«121
321
2729
4,723

e175
.415
l.028
1,917
18,760

0177
=065
S.542
4,764

23,974
101.09¢

« 004
-. 020
#0075
069
«6T4
3,049
. 180

«075
«275
«019
« 099
+138
2112
«001
« 064

2,421
9.132
« 945
3.253
6,154
7.291
« 049
2,071
75,071

68¢



CCRRELATION MATRIX

VARIABLE

WUNMBER

WDE DN S WN e

10

1.000

SUE PROBLEM CARD

JBFRC

8

-y

-3

« %26
1.000

)

«072

«051
1.000

-0

4 5
«187 149
0129 + 092
«321 «24B

1,000 229
1.000

~0 YFS YES YES

«059
=006
«527
«218
«601
1.000

028
- 042
170
«074
L4000
«856
12000

«996
«950
2071
«180
0137
[ IYY
« 011
lebO0

. 943
1.000

19

«953
«376
L 087
«159
166
089
=010
« 964
+988
1.000

062



SLE=PROBLM i

CEPE .DENT VARIABLE
MAXIMUNM NUMBER QF STEPS
F=LEVEL FOR INCLUDION
F=LEVEL FOR GELETIUN
TOLERANCE LEVEL

cONTROL=DELETE CARDS
ONCEL j#enannsty

STEP NyuymiER 1
VARIABLE EnNTERED n
MLLTIPLE R

SIp. ERROFR FOR RESTOUALS
ARALYSIS CF VaRIANCE

CF
REGRESSION 1
RES1DUAL $3

8

20
«310000
«005000
«001000

«9638
» 0680

SUM OF SQUARES

L]

633
430

VARTABLES IN EQUATION

VARIABLE COEFFICIENT STD. ERROR
tCONSTANY 01021 )
SuLce 10 07903 «0p227

STEP WUMBER 2
VARIABLF ENTERED 2

MLLTIPLE R
STpe ERROF FCR RESTDUALS

ARALYSTS CF VARIANCE

CF
REGHESSION 2
RESIDLAL §2

«9639]
0671

Suw OF SQUARES

5

0629
13%:

YARTABLES IN EQUATTON

VARIAsLE COEFFICIENT STp. ERROR

F TO REMOVE

1214.6179

F T0 REMNVE

MEAN SQUARE
5,613
+008

» 8 " 8B B e e e e 0

MEAN SQUARE
2.0815%
«005

. s« »

F RATIO
1214,618
VARIABLE

LRSVSY )
LCp 2

Dy 3

D2 &

01 5

wT 6

NX 7
CALCP 9

F RaTio
625,130
VARIABLE

VARIABLES ~OT N EQUATION

PART[AL CORR,

96203
«15048
-, 04650
10066
-, 01351
-, 01131
+07872
-s17712

VARIABLES NOT IN EUUAT O

PARTIAL CORR,

TOLEHANCE

«0909
+0520
+ 3924
293747
9786
« 3976
L9599
0274

TOLEHRANCE

F TO FNTER

1142.9149
J.at38
«1994
29417
«0148
«0118
5737
29798

£ I ~~Tga

162



(CONSTANT «00000
Lep 2 04943
SuLCP 1¢C .06125

STEP NUMBEK 3
VARIABLE ENTEFED L3

)

« 02659
«00982

MLLTIPLE R «9657

ST0s ERROF FOR RESIDUALS

ANALYSTS CF VARIANCE

0669

3,4638
38,9363

LRSVSV
D1

D2

D3

WY

NX{
caLce

VNN W

CF SUM OF SQUARES MEAN SQUARE F RAT]Io
REGRESSICN 3 5.636 1.879 419,306
RESIDULAL 51 4v8 «004
L]
VARIASLES IN EQUATION .
VARIABLE COEFFICIENT STD. ERROR F TO REMOVE + VARIABLE
L]
(CONSTART -.011863 ) .
Lecp 2 .05317 «02670 3,9653 . LRSVSYV 1
0?7 4 «00391 «00324 1.4588 Dv 3
SeLCp 10 «05949 000990 36,1131 D3 S
. wT 6
. NXL 7
. cﬂLCD ]
STEP AyvBER 4
VARIABLE ENTERED 7
MLLTIPLF R +96050
STDe ERROR FOR RESIDUALS « 0670

ANALYSTS CF VARIANCE

CF
REGRESS [CN 4
RESICLAL S0

Suvs OF SQUARES MEaN SQUARE F RATIO

5640
«403

VARIABLES IN EQUATION

VARIAHLE CUEFFICIENT
(CONSTANT =.031065
Lep ¢ «0560Y
02 4 ,00371
Nxy 7 L0164

SThe ERROR

)"

¢ 02695
«00325
«01648

1.410 314,532
«004

L]

L]

L]
F TO REMOVE VAR ABLE

S

L]

L]
4,4238 . LRSVSY 1
1,3088 Dy 3
L9467 03 S8

,978693
-.01876
+ 12551
«03079
« 03446
10878
«03525

0908
«9705
9620
«9288
«9439
«9798
« 0015

VARIARBLES wNOT IN EQUATION

PARTIAL CORR,

98677
=.09966
00698
01048
«10203
«04363

TOLERANCE

«0895
8830
«8949
«9086
9761
0015

VARTABLES ~OT In EQUATION

PARTIAL CORR,

+98671
-, 0753]
-, 03504

TOLERANCE

0833
+86%51
. 71630

3412,3257
w1320
14566
LK
«1n82
10098
01132

F TO ENTER

33313.,9556
#3215
2 0N4S
«0n99
09467
«1716

F T enTrq

3282.1747
«SATT7
«1n%6

c6¢



saLce 16 L0827 00998 34,0788 wY 6 -, 15379 €331

STEP MNUmHEH 9
VARIAGWLE ENTERED L]

MULTIPLE F
STp. ERWOFR FOR RESYUUALS

AMALYSTS CF VARIANCE

. CRLCP 9 « 08256 s001%

9609
0665

CF SUM OF SQUARES MFAN SGQUARE F RATIO
REGRESSIUN L] S+649 1,130 255,289
RESIDUAL €9 » 396 004
VARIABLES IN EQUATION . VARTABLES NOT IN EQUATION
VaR1ARLE COEFFICIENT STD. ERRON F TO REMOVE o VARTABLE PARTIAL CORR, TOLERANCE
(CORSTART -, 05545 ) .
Lep 2 «péBY] 102731 3.1938 . LASYSY ] +98659 «0857
cr 4 L005u5 +00335 2,2730 py 3 «0S1%0 4177
Y € -, 00208 «00141 21559 03 S « 04785 8761
Ny 7 L 05697 «03233 3.1ne6 o caLcp 9@ .03118 « 0015 "
SuLCP 10 LNEL3D 01013 36,6210 .
STEP NpspEhr &

VARIBBLE ENTEFREU 3

MULTIPLE R
STDe ERROR FOR RESIDUALS

ANALYSTS CF VARIANCE

« 9669
20668

LF SUM OF SGUARES ME AN SQUARE F RATIO
REGRESSION ] 8,690 942 210,946
RESIDLAL €8 «393 +004
VAHTABLES [N EQUATYON S VARIABLES wNOT IN EQUATION
VARTASLE COEFFICIENT STps ERROR F TN BEMNVE o YARIABLE PARTIAL CORR, TOLERANCE
(CONSTANT ~e0T3u7 ) .
Lcp 2 06801 «02748 3.0825 o LARSVSY ) «98662 « (856
0y 3 LOG4eY2 01019 «2331 . D3 S .07365 + 4894
cez & 00482 »00340 2,0068 CALLP @ L03711 .001%
wT & -, 00278 00204 l.8578 .
wxy 7 . 06932 04136 2.8119
SQLCP 190 J0ElE3 01020 36,5246 v
STEF MumBiER 7

2,1555
1615

F TO #NTER

31925850
+2331
«2019
%111

F 10 enTER

31870087
hT45
1700

£€6¢



VARIABLE ENTERED 5

MULTIPLE R «9671
ST0« ERROR FOR HESIDUSLS 0670

ANALYSIS CF VARIANCE
CF SuM OF SQUARES MEAN SUUARE F RATIO

REGRESSION 7 S.6%3 808 179,799
RESIDLAL 87 «391 «004
VARIABLES IN EQUATION . VARIASLES NOY IN EQUATION
YARIauLE COEFFICIENT STD. ERROR F T0 REMOVE . VARIABLE PaRTIAL CORR, TOLERANCE F TO ENTER
. £ ]
(CONSTANT -4 0895Y ) .
Lee g 04922 02762 31786 o LRSYSY 1 9866 +0B353 314Te2p78
0y 3 00788 «0110% Sn8s o CALCe, 9 03998 »001% «1377
pz 4 + 00425 200343 1.7%8
03 S 00171 00249 4T85 .
T & -, 00382 « 00254 2.2602
NXL 7 +0B282 +» 04586 3,2613
soLeEP 10 «0€1060 «01027 35,2881

STEP NuwBER i
VARIABLE ENTEREL 9

MULTIPLE R «9672
5T0s ERROR FCR RESIDUALS «0674

ANALYSIS CF VARIANCE
CF SUm OF SQUARES MEAN SQUARE F RATlO
REGRESSCN 8 54653 707 155.782
RESIDULAL 8o +390 +008

YARIABLES 1IN EGUATYION VARIABLES nOT IN EQUATION

YARTAnLE COEFFICIENT  STD, ERROR F TO QEMOVE » VaR1a8LE PARTIAL CORR, TOLERANCE F IO gNTEu
(CONSTAANT ~ 06136 ) .
Lce 2 L051u8 11616 6147 o LRSVSY 1} 299154 <0836 4958,9820
oy 3 00837 01122 5559 &
02 4 200458 00345 17567 o«
03 § 00175 «00250 «4RR2
wt € -, 00380 00255 2,2812 .
Ny 7 08325 +04610 3.,2610 .
cBLCP S «00778 02096 1377 .
SQLCP ¢ 02465 « 09904 «06N9 o

FolEVEL OR TCLERANCE INSUFFICIFNT FOR FURTHER COMDUTATION

76¢



SULMMARY TaBLE

STeEP VARIAGLE MULTIPRLE INCREASE F VaALUE Tu NUMBER OF INUEPENDENT
NUMBER ENTEMED HENOVED ] RSQ IN RSG enTEH OR RFMOVE YARTABLES TNCLUDEV

1 SGLCP 10 +9638 3289 .9289 1214,6179 1

2 LeP 2 + 9651 .9315 «0026 3,4638 2

3 D2 4 «9657 .9325 «g011 L4564 3

[y MXy 7 «9660 +9332 0007 JH46T 4

5 wTl & «9669 <9348 016 241559 5

& ol 3 «9669 <9350 «0002 «2331 &

? p3 S 9671 9353 <5004 4745 14

3 cBicr 9 9672 <9354 «0001 «1377 8

S6¢



LIST OF y=VALUES.

o
>
- 1%}
CcO@NONSWN—M

-
—

Yt bt Ot Gttt
VD ~NOWVPIPWN

29

Y=vALUE
e
2e9145¢7G4En]
Ten1S#4135E=n]

Ue
5,51373965€=01
v
5¢33034110€~01
.
5.33034110E=c1

.
3,36614819E~01
S¢4G419Y900€=01
Ve

5,97176058k01
7.55762755E-01
Ue
3,09702%45E=01

Co
3,48555581F=01
4.71615568F-01
5.97176658E-01
[
1,73245066£.01
3,85097¢31t~01
0.
€,049T8063E.01
3.85097€31€-01
4,14506875E-01
v,
4031138 141E-p]
5.33034110F-01
[
6435577751€-¢ |
Ve
2,914567194€-01
4,14576875€a01

U

3,97627992€-01
Us

1.68349015TE-0]
I, EETH5850F ]
*,3113e761ta0l
4,85013570E~C1
5,7588¢132E-y1
©,24023053€=-91
[

2,98779988€.01
5+53549764Fap]
0,74T4c%62Fa)]
e

3.648Y3489F.9]
4.453135705-01
SeTS8R2132€ 0]
0,24023u53kag]
e

~.0¢oqcoﬁﬂt-01
2,1064383226-01
6,37070329E-01

Y<ESTIMATES

AND RESIODVALS

Y=ESTIMATE
=9.22772784€-03
3.3292921%8-01
6,63127003E-01
6,13497292E-03
5+91236458E-01
4,49928191€=03
5.28349612E=91
=2433655304E-02
6,3603336YE=01
=3,8462R874dE=02
3.03694067E=-01
5.54607675E-0]
2.7000872¢E=02
S.84762465€-0)
7.08085556E=01
4,209821606E=02
3,59428286E-01
7.91064040E-03
2.74022929E=0]
3,.50047582E=0]
3.79005580E=01]
6,27504945E=03
1,86978397€.0]
3,48431991E-01
=2,16284640E=-03
3,63028480E-01
3,806996982E=0]
4,08754472E-01
«2,14486885€E-04
4.202559TuE=901
5,23635843E-01
1415641633E-02
6,6668]135d€=0]
1032711825E~02
4,33741640E-0)
$.,29772064E=9]
=2,9304097%E~02
S.0944752dE=01
6.,20362122E~03
1.8690890dE=01]
2,7¢31591vk-01
5,44955247€«01
6,15424501€-01
6,195n6722€-01
6,23606T72E=0]
-3,95128920E-03
3,436075T74E=01
5.99269671E=01
0,28222370E~01
6.5163898yE=-03
3.23846462E=0)
5.0136924%E~01
5,52820609€-0]
5.681315509E=9])
=7.92511851€E204
4432631777L=0)
4,45835567E=01
4,60]116450E-01

RESTOUAL
9,22772784E=-013
-4 ,14724196F~02
3.84571317F=92
-6,134872925=03
=3.98604930E=02
=4 ,49928191E~03
4,68449846€=0)
2033655304F=02
-1,02999258€~0]
3,84620748E-02
3,29R07522F =02
=]l ,41R81752E=-02
«2,76008722€=02
1,24141928E=n2
5,16771973F=02
-4,20982166F=02
-4 ,97253438F=02
~7.91064046F=01
7.15326512F=02
1.21547985F=n)
2.18171072F=01
«6,27504545F=03
«1,37327302€=02
4,06652397F=02
2.16284648F=03
-1,18049817E~01
2,10024871E=-03
5,75240248E~03
2.164486885F-04
1.08827706E=02
9,39A26725E~=03
«1.,15641633F=02
=3,610360uBE=902
«1,32711825F~02
=1.42284845E=0)
«1,15265190€=0)
2.93040974€E=02
«1,11819536F=01
«6,20362122F=03
-1,85168112F=02
9,34499461F=07
«1,13R165¢6F=n)
«1,30411011F=01
-3,96245898F=072
4,16280936F=04
9,95128920F=03
-4 ,48275855E-02
-4,5(199067E=02
4,65]1B5662F=02
=6,51638989€-03
4,10470274F=02
<1463556701F~02
2.TU615233F =02
5,58914967€=02
T7.92511851€=04
«2.65337293F=02
6.4~S27544F=02
1,70953880F=01

7,04499064p.01
7,70170914E-01

Ve
3,44670029%€.01}
O
¢, 70224543501
¢,65943153E.01

Ve

Ce2€008388E40]
Ve
1.03627460E~01
2473008 /03E=01
4,63647699E=01
5.33034110E~01
Ve

4495133263E=01
Te0a496064E=01

9.
2,91456794E.01
6,93982978E-01
0,
5,10488322E.01
6,12736551€-01
5,35966055E-01
5,73558129€-01
6430577757g=0)
2,54344059€~01
Ue )
4431138741€=01
5433034110€-01
0
2,05575001E=-01
4,89697775k.01
Ve
S5e142H€541E-01
6.56178718E=01
T.R83373080K=01

¥IAISH Caro ENCOUNTERED
PRCGRAM TERAMINATED

5,94060344g=01
7.02444345E-01
-2,23079643E«02
3,98162493E-0]
-6,15305391E-03
3,04941892E-01
3,95348780L-01]
=3.76705651E-02
1+478033258€~0]
7.57395584€-03
1.88277303€E=0)
3,2221512u€E=01
4.40998246E-9)
5431424280€-0])
=1.27205293€=03
5.7593089%E=90]
6.36901612E«01
=1,10088553E=02
2,90393172€.01
5,35295364E-01
4,35374552€-03
5,2452095TE~ 01
5,8945533vE«01
5,43105371€-01
5,65968912E-01
6.05463963E-01
3,465)068/E=0)
1.95966263E-02
4,14897336E-01
4,86505588E~01
©2,49685110E=03
2.98915176E=0]
5.90573699€E=01
2,5222424TE=02
4,65217178E=0])
S5¢4907275%E=-01
7.2845928¢E=0]

2,10433720¢-01
6,77265686F~02
2,23079643E-02
«5,34924632E=-02
6,15305391F-03
«9,47172491E-02
-1,09405628F-01
3,76705651F=02
4,80351305€=92
=7 .57395584E~03
«B8,46498430F=02
-4 ,92064176F=02
2.,26493627€E=02
1,60982452€E=03
1.27205293€=03
«B8.,07976315€~n2
6,75924520E=02
1,10088553€=02
1,06362234€403
6,86876142F=02
-4,35374552€-03
=-1,40326349€=02
2,32R812205E=02
~7,10931559E~03
7,58921628€-03
2.51137942F-02
-9,21426289E~02
=1.,95966263€-02
1,62414044E=02
4,65285224E=02
2.49685116€-03
«3,333017S0€=02
=1.00R875924E-0])
=2,52224247F~02
4,90693628€=02
1.07105963€E=0}
5,1913798B0E=02

96¢



APPENDIX 4.7

COMPUTER PROGRAM AND CALCULATED VALUES OF ROUGHNESS
INDEX AND PRESENT SERVICEABILITY INDEX



$ 6 08 %%t SR ERERS

* s

PROGRAM PST (INPUT, QUTPUTs TAPESSINGUT)

PRINT &0
€; FCR¥AT  (1mly 5%+ 3J6HCRK THICKNESSES  AKLE NO, ROUGH
. A3FRUUGH  RUT  CALC SECTION wONTM /
. 4xs 3INIROEX AC M 58 w1 AXLE INDel INO-T
- 11F CEPTH PSI /7 )}
2. COnTINUE

KEA: (54300 Lls GO» UT, DTHs WTs RX1 s SVX. ROLs NSECTIMONTH
30 FORVAT  (SFE. /s Ibe 2FR,09 CAE )
1F (EnFs5) 98y 4C

41 CUNTInUE
cl1 CRACKING INUEX
il THICKAESS OF ASPHALT CONCrFTE
T THICKMPESS DF 2.SE
cTr THICKRAESS OF SUBBsSE
wl AXLE LU .U

NXL NUMBER UF AXLE
1 = SINGLE axtLE
? = TaNCEM axLE

Sva AUUGHAESS JADEX ~- LOG {1+5L0PF VARTANCE) OF A
SECTICK JUST AFTER CONSTRyeaTION YR AT THE REGINNING
OF THE «NALYSIS PERICU & ROUGH IND=1.

RCT RUT DEPIW IhpEX .

RSECT SECTICN NUMHER OF REFERENCE TO

FUNTR  MONTR FUR WRICH PS] 15 CA(CULATED

SVL = 1Dap®eSVX = 3.0
sVl SLUPE ViRIAANCE OF THE SECTION +t THE BEGINNING VUF THE
anaLYS1% PERIQD

B & =0,09136 4+ 0.09108#ALOGIN{1.00CT) + 0,02445¢

ALOGTg{lageCII ®#2,00 o,g07T8®ALOG 011 ,0%C1)
. “*3e¢0 + 0,00837%00 o 0,004594DT ¢ 0.00175*
. OTM = (,00386%WT « 0,08325eNKL

SV ® {(j0.GRRTAN(H] =140 *§Vyeen,5) ®¢ 5,0
Sv CALCULATEY YA UE oF SLOFE VARIANCE AT ANY Tlug
AFTER BEGIMNING OF ANALYSIS PErfOn

SVl = ALOGIglL,gesY)
Svl CALCULATEC VALUE OF ROUGHNESS INDEX=~ LOG{}*SV) aT
ANY TIME JFTER HERINNING nF aMaALYSIS PERION sROUGH IND-T.

PSIC # Sec3 = 1,91%AL0G101]1.0%SV) = [LIR®RANI**2,y
. ~ Qep)®C(e9g.3
FSIC  CALCULATEL VALUE AF PSI

PRIMT  Bne  Cle GO» OT, O¥ns WTs WXL, SVE, SYLs ROTe PSICe
. NSECTy MONTH
€0 FORMAT  { Gy F3a04 3FS,2¢ FTal, I1s F6,2¢ FTu2r F6,2s FT.2,
. A8s 1X4 AR}
v Ty 2r
£33 LUNT TUE
Enu

1ng: aC

9
4n
70

230

v

90
160
400
€00

0
T8

T
%50
670

0
139
290
790
940
840
960
sT0
98¢0
965
990

0

40
120
840
840

' 880

sSo0o
¢
10
140
860
&r0
e8¢0
900
o
280
40
&70
830
0
190
459
100
o
84
180
820
0
59
156
459
662
&ou

4,00
4.00
4,00
« 0l
3,00
3,00
3,00
i, o0
3,00
3,00
3,00
3,00
3,00
3,00
4,00
4,00

Se(
3,00
3.00
3,00
0,00
be00
6,00
6,00
6,00
0,00
Ue00
V.00
0,00
0400

TrICRAESSES
e sd

4ei
4400
4400
4400
d.00
.00
de0¢
800
#.00
8400
g400
8400
8e00
8400

640012400
640012400
640012400
6,0012400
6,0012400
6,0012400
6,0012400
6.,0012400
6,0012400
6,0012400
6,0012.00

Ga00
6,00
6,00
S.00
6,00
6,00
8.00
5,00
6,00
L0
G.00

4.00
400
4400
4400
400
400
4400
40Uy
4200
400
4.00
400
“e00
.00
uelg
8atQ
B2.00
ge00
Beug
4400
400
4400
4sU0
4.00
4500
L2
400
0400
G0
2.00
Jev0
feUp
Je b0

axLe
w?

11 TP
1€
1€.40

18,40
16,0

1840

120

(X7
AxXLE

ot G B i Dok B ot Bk B o B B Tt Tl B B i Bk Bt I it Sk ot B o 0 Tt B ot ok Pt et Bt Bt At ot Pt Bt b 30 Gt Dt et Bt Gt ot Bt Yt ot Pt Bt Dk Bt ek s

ROUGH RUUGH
INDw1 IN0eT DEPTH

<30
30
«30
«30

«28
+58
+67
57
.29
.75
«89
1.20
1,38
a57
«89
1416
1.24
1,48
»50
1,00

RUT

0.00
12
«13
.13

000
«33
34
o35
1

0.00
015
e
o186
+65

000
031
32
«33
o34
53
+53
#53
-1
54
5%

0400
o 17
«16
17
«30
37
+18

0e00
+16
s16
35
36
35
37

000
+33
o34
38
35

600
«08
09
10

D.00
«27
27
+28

0.00
26
227
28
29
»30

CALC SECTION MONTM
PSl

4,50
3684
.64
3.00
4,48
3.36
3.09%
2.37
197
3.9%
3,22
2.61
2ab4
1236
607
2486
2e90
1a47
1,25
1202

99

98

.95

94

%
4,08
Feba
3,08
1484
143
1«32
130
405
4229
3035

1.54
1+52

627
627
627
627
623
623
623
623
623
607
607
607
607
607
62%
625
425
625
625
625
625
628
62%
625
825
&1s
615
618
331
615
615
(311
829
£29
629
829
629
629
629
189
159
159
159
159
161
163
163
163
151
181
151
151
isl
161
161
161
161
16!

FEY
MAR
ApPR

FED
MAR
APR
MAY

DEC

MAR
APR

APR=1
MaY=]
JuL

QecC

MAR=2
APR=2
MAY=2
JUN=2
YL=2
NOV=2

R

APA=]
MAY=]
Jul
OEC
MAR=2
APR=2

MAR~1
APRe]
DEC=2
FES=2
MNAR™2
ApRe?

FEB
MAR
apR
MAY

MAR
APR
MAY

- &PR

MAY
JUN

ApR
MAY
SN
JuL
AUG

86¢C



150

T00
210
40

€70

$70

4,00
4,00
4,00
4.00
1,00
l1.00
1.00
1,00
1,00
1,00
1,00
l.00
1,00
1.00
1.00
1.00
2,00
2.00
2.00
2.00
2.00
2,00
2,00
2400
2,00
2.00
2.00
2400
2,00
1.00
l1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1,00
il.00
2.00
2.00
2.00
2.00
2.00
3.00
J.00
3,00
3,00
3,00
3.00
3.00
3.u0
3.00
4.00
4,00
4.00
4.00
4.00
S.00
S,00
S,00

6,00
6,00
0400
6,00
3,00
3,00
3.00
3,00
6400
6400
6400
6400
6,00
6,00
6400
6400
3,00
3,00
3,00
3,00
3,00
3,00
3,00
3.00
3,00
3400
3.00
3,00
3,00
3.00
3,00
3,00
3,00
3.00
3,00
3,00
3600
3,00
3,00
3400
000
0400
0400
0.00
Le00

0,00
0.00
0.00
0.00
0.00
000
300
0.00
400
400
4,00
4.00
4000
4400
4.00
4009
a¢00
4000
@el0
4.00
400
4.00
4.00
400
4ed0
400
4000
4«00
400
Je00
Je00
DelQ
000
0e00
000
4.00
400
deV0
4.00
LX)
400
4000
400
“el0
“slQ

3.0012400
3,0012400
3,001200
3.0012000
3.0012+00
3.0012.00
3.0012400
3.0012.90
30001200

600
6400
&s0¢
€400
6.00
9.00
9.00
9.00

Be00
8.00
8400
8400
R
“4elQ
4490
4a09

12,9
12.v
1249
12.0
€.0
€V
€.V
€ov
&0
€ov
€ov

¢.0
€o0
609
€ov
te0
€40
€0
€40
€od
€o0
€ou

€Cov)

Zol

Zov
22e%
2c 0%
2C e
2204
224%
22.4
224
224%
224
2204
22+%
2C+4
2244
22.4
2C 4
2244
22 %

bt bt b b bt s Bt Bt B b et e B B b ot et d s B b Pt Bt Bt Bt $h s Pt $b Db Bt et b Dt B Bt (s G (et Dt Bt Gt Bt Db 00 Db P o Dt Bt e s et Pt Bt et s

W70

«70
<70
75
75
75
.75
90
«90
«90
«90
«90
«90
«90
90
«S0
«S0
«50

50
50
oT0
o 70
<70
o 70
<70
70
«70
«80
.80
«80
.80
80
«80
«80
«80
-80
«80
«80
«60
«60
« 60
«60
«&0
260
«60
60
b0
«30
«30
30
30
«30
+50
50
«So
50
+50
«35
.35
«35

71
.82
.97

1.16
W74
.85
8¢

1.15

1.30
1437
1.48
1452
1.66
1e71
1.74

«S1
1.12
1.60
1.68
1.69
1.70

1e12

49
«80

0,00

0400

Ne00

0s00

0400

39
40
000
35
«38
40
040
000
028
27
.28
«53
0000
22
.22

149
149
149
149
744
744
744
Té4
720
720
720
720
720
720
720
720
742
742
T42
742
742
742
Tlo
Tl0
Tlo
710
710
710
Tla
743
743
743
743
743
743
717
717
717
717
717
729
729
729
729
729
429
429
429
429
415
415
415
415
415
453
453
453
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APPENDIX 6. NOMENCLATURE

This appendix gives the nomenclature for the fatigue tests used in this

report (Ref 35).

Flexural Test for Asphalt Concrete

The following nomenclature applies to the flexural fatigue tests on

asphalt concrete.

Ni The number of load applications of level 1 to cause

failure in simple loading.

n, The number of actual load applications of level i
€ Bending strain in flexural fatigue test.

A and B Constants depending upon material characteristics.
E Modulus of elasticity or stiffness.
I Poisson's ratio.

Repetitive Load-Deformation Tests on Base, Subbase, and Subgrade

The nomenclature used for repeated load tests on granular base and subbase
and fine subgrade materials is given below. The nomenclature is also explained
by Figs A6.1 and A6.2.

t Total cumulative deformation when the maximum load 1is

applied to the specimen.

P Permanent cumulative deformation retained by the specimen

between cyclic load applications.
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T Rebound non-cumulative deformation, which is equal to the
difference between total and permanent deformation for any
particular load application.

o} Transient non-cumulative deformation; deformation observed
from zero to maximum stress for any particular load appli-
cation.

Note:

(1) Strains may be used instead of deformation.

(2) FElastic refers to a condition where rebound or transient deformation
approaches constant values over several stress repetitioms.

(3) Perfect resiliency is the state when continued loading produces no
further total or permanent deformation, i.e., rebound equals the
transient deformation.

(4) Total strains in the triaxial load are analogous to the strain ob-
served as a point in the roadway during application of the wheel
load. Permanent strains may represent the net rut depth in the

pavement.
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APPENDIX 7. AASHO ROAD TEST AND PRESENT SERVICEABILITY CONCEPT

In this report the serviceability and performance concept using the
performance data of the AASHO Road Test has been utilized to develop and veri-
fy the suitability of the suggested models. Thus, the purpose of this appen-

dix is to discuss the AASHO Road Test and its performance conept.

Introduction

The AASHO Road Test was conceived and sponsored by the American Associa-
tion of State Highway Officials as a study of the performance and capabilities
’of highway pavement and bridge structures of known characteristics under mov-
ing loads of known magnitude and frequency. AASHO Road Test reports (Refs 67 -
73) contain complete information about this test. The principal objective of
the road test was to determine the significant relationship between pavement
behavior and the major variables of design and loading. The construction of
the test facility was completed in 1958. Traffic started to move over it in
November 1958 and continued through November 1960. A total of 1,114,000 axle
load applications was accumulated., Based on the results of the AASHO Road

Test an Interim Design Guide was published in 1962,

Pavement Performance

The popular pavement service and performance concept was also developed
at the AASHO Road Test in 1962. The failure of a pavement system is generally
not a catastrophic occurence, as is the case in some other structures. A
pavement which has been designated as '"'failed" in some response may still be
capable of carrying traffic at a reduced service level. It is clear that
cracks will occur if a pavement is overstressed, but the question 1s how much
they are going to affect the performance of the pavement. Cracks are undesira-
ble but the degree of undesirability is not known. Comfort and convenience
may be considered inherent manifestations of pavement performance. The per-
formance of a pavement is influenced by many factors, including applied loads,

tire pressure, number of load applications, and thickness and strength
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characteristics of pavement layers and subgrade. Thus, functional pavement
design should correlate these factors with desired performance characteristics.
To introduce the measure of pavement performance, certain terms used in

the design methods were defined as below (Ref 70):

(1) Present Serviceability Rating (PSR): The mean of the individual
ratings made by the members of a specific panel of men selected
for the purpose.

(2) Present Serviceability Index (PSI): A mathematical combination of
values obtained from certain physical measurements of a large number
of pavements so formulated as to predict the PSR for those pavements
within prescribed limits. This represents the ability of the pave-
ment to serve high-speed, high-volume, mixed traffic in its existing
condition. (The definition applies to the condition existing = on
the date of rating, not to the condition assumed the next day or at
any future or past date.)

(3) Performance Index: A summary of PSI values over a period of time
(See Fig A7.1).

Present Serviceability Index Equation

Based on regression analysis of measurement and panel ratings on 49 rigid
and 74 flexible pavement test sections, the following index equations were

suggested (Ref 70):

For flexible pavements,

PST = 5.03 - 1.91 log (1L + SV) - 1.38 RDZ - 0.01/C + P (A7.1)
For rigid pavements,
PSI = 5.41 - 1,78 log (1 + SV) - 0.09,./C + P (A7.2)

where slope variance SV is the statistical measure of the variability of
the slope of the pavement., It is a direct measurement of the longitudinal
roughness of the pavement. A continuous analog trace of the pavement slope is
obtained from the profilometer, and a point measurement of slope S1 at a

one-foot interval is obtained. Then

sV = 106 X slope variance = 106 X 052



PSI

5.0

Performance Curve

Time in Years

Fig A7.1. Performance curve.
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= 10° £® (s, - $)¥/(a-1) (A7.3)
t=1
where
n = number of measurements
S = mean slope measurement

Rut depth RD is the measurement of the amount of permanent deformation in
the transverse profile of the pavement, It is measured in inches below the
center of a 4-foot span placed across the wheel path. These measurements are
made throughout the length of the section and then averaged.

Cracking and patching C + P 1is the measurement of the major cracking
(classes 2 and 3) and patching in square feet per 1000-square-foot area of
flexible pavement. In rigid pavement, class 2 and sealed cracks are measured
in feet by 1000 square feet area of pavement.

As seen from the PSI equation, slope variance is the most important sin-
gle variable influencing the PSI of the pavement. Rutting plays a secondary
role while cracking and patching was found to have only a minor role in deter-
mination of the serviceability or riding quality of the pavement. However, it
is emphasized that this does not mean that cracking is of minor importance as
far as the design or structural behavior, pavement life, or even the service-
ability is concerned, because cracking in the pavement is itself indicative
of other forms of distress and is a direct indication of a structural inade-
quacy somehwere in the pavement. By the time enough cracks are developed in
the pavement it is already rough in terms of slope variance. Therefore, it

seems that the slope variance is the cause of detrimental effects of cracking.

AASHO Road Test Data

AASHO Road Test data are a good source of performance data, Performance
data in the form of plots of cracking and patching, roughness index, PSI, and
rut depth are available for each test section. Typical plots of this data are
shown in Appendix 5. These plots were used in the development and verification

of the models discussed in this report,
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Observed (outer wheel) ——>——  Section Overlod ot Point < OL.
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AASHO Rood Test Section 744

Axle Load = 6 k

Thickness : Surface = lin.; Base =3 in;
? Subbase = O

sq ft /1000 sq ft
o

O O O

© O o

N o @
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o

Calculated Cracking Index (Cl)
and Observed C+PR,

Junit
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Oct i

Fig A8.5. Computed cracking index (CI) versus
observed cracking-patching (C 4+ P).

AASHO Road Test Section 159

Axle Load = 12 k

Thickness : Surface = 2 in.; -Base = 3in.;
Subbase = 8 in.

o
o
o

o
o

+

..sq ft /1000 sq ft

N Doy @
(@}
o

Calculated Cracking Index (CI)
and Observed C +P,

Fig A8.7. Computed cracking index (CI) versus
observed cracking-patching (C 4+ P).

Observed {inner wheel) — —o— —
Observed {outer wheel) ——c——

Colculoted
Section Overlod at Point

3 AASHO Road Test Section 151
= Axle Load = 12 k
3 o Thickness: Surfoce = 4 in.; Bose = 3 in.
S+ 1000+ Subbose = 4 in.
£5% i
€3 280071
% 20 T
§ 53 6007
O35 4007
225200/ /
2°° oL
a 0 o s T S
—_ -_— O 0 ~ Cc [o TS O a0 ~ c [
8 3825338885333
8 Time (months) 8
Fig A8.6. Computed cracking index (CI) versus
observed cracking-patching (C + P).
3 AASHO Road Test Section 163
- Axle Load = 12k
> o Thickness : Surface = 3in.; Base =0
2 + £1000 Subbase = 4 in.
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Fig A8.8. Computed cracking index (CI) versus
' observed cracking-patching (C + P).
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Calculated Cracking Index (CI)
and Observed C+P,
sq ft /1000 sq ft

Fig A8.9.

AASHO Rood Test Section 607

Axle Load = I8 k

Thickness : Surface = 3 in.; Base:=0;
Subbase = 8 in.

Computed cracking index (CI) versus
observed cracking-patching (C + P).

3 AASHO Road Test Section 625

~ Axle Load = 18 k

> a Thickness : Surface = 4in.; Base = 6 in.;
2 ¥ 1000+ Subbase = 12 in.

O e’ 4
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Fig A8.11. Computed cracking index (CI) versus

observed cracking-patching (C + P).

Observed (inner wheel) — —om ——
Observed {outer wheel) — —2——

3 AASHO Rood Test Section 615/ 629
-~ Axle Load = 1Bk
> a Thickness: Surface = 4 in.
2 ¥ £1000, Base= 6 in.
;o g 800 1 Subbase = Sin.

° )
£38g 8091 OL. gr=—6I5
§ 8’) 8 600‘ I o
o oT"
= ¢ o 200 615
3°7 ol 0L 0bta629
- - 0 A ke O O oMo o O o
S S8 a33382 &3 28

Fig A8.10. Computed cracking index (CI) versus
observed cracking-patching (C + P).

AASHO Road Test Section 627

Axle Load =18 k

- Thickness: Surfoce = 4in.; Bose=3in;
1000 ¢ Subbase = 4 in.
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sq f1 /1000 sq ft

Colculated Cracking index (CI)
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Fig A8.12. Computed cracking index (CI) versus
observed cracking-patching (C + P).
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Fig A8.13.

Calculated Cracking Index (CI)

and Observed C+P,
sq ft /1000 sq ft

Fig A8.15.

AASHO Road Test Section 453
Axle Load = 224 k
Thickness : Surface =4in.; Base=6in.;

e

b3

3

Subbase = 8 in. c
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Computed cracking index (CI) versus Fig

observed cracking-patching (C + P).

and Observed C +P,
sq ft /1000 sq ft

AASHO Road Test Section 475/483
Axle Lood = 22.4 k

Thickness : Surface =5in.; Base =9 in,;

1000 Subbase = 4 in.
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A8.14. Computed cracking index (CI) versus

observed cracking-patching (C + P).

AASHO Road Test Section 487 3 AASHO Road Test Section 307/305
Axle Load = 22.4k = Axle Load = 30k
Thickness : Surface =3 in.; Bose =6 in; 3 ar Thickness : Surface = 5in.; Base=6in.;
1000 Subbase =12 in. 2 + £1000 Subbase =2 in.
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Computed cracking index (CI) versus Fig A8.16. Computed cracking index (CI) versus
observed cracking-patching (C + P). observed cracking-patching (C + P).
Observed (inner wheel) — —o— — Calculoted ———
Observed (outer wheel) ——c—— Section Overiod at Point ¢ QL.
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AASHO Rood Test Sectian 31}
Axle Load = 30 k
Thickness: Surface = 6in.; Bese =9 in;
Subbose = |2

in.

Calculated Cracking Index {Cl)
and Observed C +P,

Fig A8.17.

Computed cracking

observed cracking-

AASHO Road Test Section 717
Axle Load = 2k

I.OI
08 J:
061}
0.4}
o2}

‘Thickness : Surface = 1 in.

Bose = 3 in.
Subbase = 4 in.

index (CI) versus
patching (C + P).

Rut Depth in Inches -

Fig A8.19.

Observed versus calculated
rut depth index.

Observed (inner wheel) —— wcre:—
Observed {outer wheel) — —72——

g AASHO Rood Test Section 323

~ Axle Load = 30k

g o Thickness: Surfoce = 4in.; Base =6 in.;

£2 1000, Subbase = {2in.
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Fig A8.18. Computed cracking index (CI) versus
observed cracking-patching (C + P).

AASHO Road Test Section 729
Axle Load = 2k
Thickness : Surface = 2 in.

1.0 Base = O
Subbose = 4in.
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0.6

04

0.2

Rut Depth in Inches

Fig A8.20. Observed versus calculated
rut depth index.
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AASHO Raad Test Section 743
Axle Load = 2k

- Thickness : Surface = | in.

210 Base = 3 in.

E 0.8 Subbase = O
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a 04
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Fig A8.21. Observed versus calculated

rut depth index.
AASHO Road Test Section 744
Axle Load = 6k

« Thickness : Surface = |in.

2 |0 Base = 3 in.

3] Subbase = O
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Fig A8.23. Observed versus calculated
rut depth index.

Observed {inner wheel) — —o— —
Observed {outer wheel) ——

AASHO Road Test Section 742/7)0
Axle Load = 6k

Thickness: Surface = 2 in.
.O Base = 3 in.
Subbase = 4 in.

0.8
0.6
04
0.2

Rut Depth in Inches

Fig A8.22. Observed versus calculated
rut depth index.

AASHO Road Test Section 5]
Axle Load = 12k
Thickness : Surface = 4 in.
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Fig A8.24. Observed versus calculated
rut depth index.
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AASHO Road Test Section 159
Axle Load = 12k
Thickness : Surface = 2 in.
1.O Base = 3in.
Subbase = 8 in.
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Fig A8.25. Observed versus
rut depth index.

AASHO Road Test Section 607
Axle Load = 8%k
Thickness : Surface =

" 3 in.

2 10 Base = O

o Subbase = 8 in.
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Fig A8.27. Observed versus calculated

Apr
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Apr

rut depth index.
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AASHO Road Test Section 163
Axle Load = 12k
Thickness : Surface = 3in.
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o Subbase = 4 in.
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Fig A8.26. Observed versus calculated
rut depth index.

AASHO Road Test Section 629/6|5
Axle Load = 18k
Thickness : Surface = 5 in.
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Fig A8.28. Observed versus calculated
rut depth index.
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AASHO Raad Test Section 625
Axle Load = 18k
Thickness : Surface = 4 in.

wn .

- Base = 6 in.

o Subbase = 12 in.
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Fig A8.29. Observed versus calculated
rut depth index.

AASHO Road Test Section 453
Axle Load = 22 .4k

Thickness: Surface = 4 in.
1.0 Base = 6 in.
P Subbase = 8 in.
/

Rut Depth in Inches

Fig A8.31. Observed versus calculated
rut depth index.

Observed (inner wheel) — —— —
Observed (outer wheel) ——

AASHO Road Test Section 627
Axle Load = 18k

Thickness : Surface = 4 in.
Bose = 3 in.
Subbase = 4 in.

Rut Depth in Inches

Fig A8.30. Observed versus calculated
rut depth index.

AASHO Road Test Section 483/475
Axle Load = 22.4k

Thickness : Surface =5 in.
1.O Base = 9 in.
Subbase = 4 in.

Rut Depth in Inches

Fig A8.32. Observed versus calculated
rut depth index.
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AASHO Rood Test Section 487
Axle Load = 22 .4k
Thickness: Surface = 3in.

§ 1.0 Bose = 61in.

] Subbgse = 12 in.
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Fig A8.33. Observed versus calculated
rut depth index.

AASHO Rood Test Section 311

Axle Load = 30k

Thickness : Surface = 6 in.
1.O Bose = 9 in.

- =12 in.
o8 Subbaose Z2in

06
0.4
0.2

Rut Depth in Inches

Fig A8.35. Observed versus calculated
rut depth index.

Observed {inner wheel) — —o— —
Observed (outer wheel) ——c——

AASHO Road Test Section 397/ 305

Axie Load = 30k

Thickness : Surfoce = 5in. ; Base =6in;
1.0 Subbase =12 in,

0.8
0.6
0.4
0.2

Rut Depth in Inches

Fig A8.34. Observed versus calculated
rut depth index.

AASHO Road Test Section 323
Axle Load = 30k .
Thickness : Surface = 4 in.
Base = 6 in.
Subbose = 12 in.
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Fig A8.36., Observed versus calculated
rut depth index.
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AASHO Road Test Section 717
Axle Load = 2 k

Thickness : Surface = | in.
—~ 20 Base = 3in.
; Subbase = 4 in.
1.6
+
Z 12
o,
£ 08
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Fig A8.37. Observed versus calculated
roughness index, RI.

AASHO Road Test Section 743
Axle Load = 2 k

Thickness: Surface = | in.
— 20 Base = 3 in.

> Subbase = O

Fig A8.39. Observed versus calculated
roughness index, RI.

Observed (inner wheel) — —— —
Observed (outer wheel) ——c——

Caicutoted

AASHO Road Test Section 729
Axle Load = 2 k
Thickness: Surface = 2 in.

—~ 20+ Base = O

[5 + Subbase = 4 In.
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Fig A8.38. Observed versus calculated
roughness index, RI.

AASHO Road Test Section 710
Axle Load = 6 k
Thickness : Surface = 2 in.

—_ 20 Base = 3 in.

5; Subbase=4in.
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Fig A8.40. Observed versus calculated
roughness index, RI.
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AASHO Road Test Section 742 AASHO Road Test Section 744

Axle Load = 6 k Axle Lood = 6k
Thickness: Surface = 2in. Thickness. Surface = |in.
z 2.0 Baose = 3in.; Subbase = 4 in. ~ 2.0 gcgg= S_ino
12 6 ubbase =
+
= 12
o
£ 08¢
" o4
x o et e ey
£E T 858558s
ok <3 20 a3 a9
S Time (months) g
Fig AB.41. Observed versus calculated Fig A8.42., Observed versus calculated
roughness index, RI. roughness index, RI.
AASHO Road Test Section 151 AASHO Rood Test Section 159
Axle Load = |2 k Axle Lood = 12 k
Thickness : Surface = 4 in. _ Thickness : Surface_= 2 in. _
—~ 20 Base= 3in. — 20 Base = 3in.; Subbase = 8 in.
b Subbase = 4 in. 1>
‘f 1.6 ‘f 1.6
-~ 1.2 = 1.2
g ’_c/‘ 3
2 0.8 =4 L2 08
‘o4 04
44 O o O
L = 1 - o O ,.C; ft '2 C‘.'?’ Lo
8823328888333
‘é_} Time (months) 8
Fig A8.43. Observed versus calculated Fig A8.44. OQObserved versus calculated
roughness index, RI. A roughness index, RT.
Observed {inner wheel) — —o— — Colculated —

Observed {outer wheel) —-—c—

VIAY




AASHO Rood Test Section 163 i AASHO Road Test Section 607

Axle Load = 12k Axle Lood = 1Bk
Thickness : Surfoce = 3in. Thickness: Surface = 3 in.
— 20 Base= O Base = O

1> ' Subbase = 4 in. Subbase = 8in.

Oct :‘

e o - v e~ @
538388533
Time {months) g
Fig A8.45. Observed versus calculated Fig A8.46. Observed versus calculated
roughness index, RI. roughness index, RI.

AASHO Road Test Section 615 AASHOQ Road Test Sectian 625
Axie Load = 18 k Axle Load = I8 k
Thickness: Surface = 5 in. ‘ Thickness: Surface = 4 in. _

—~ 2.0 Base = 6 in. —~ 20, Base=6in; Subbase =12 in.

5 Subbase = 4 in. 5)
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Fig A8.47. Observed versus calculated Fig A8.48. Observed versus calculated
reughness index, RI. A roughness index, RI.
Observed {inner wheel] — —— — - Calculated e

Observed (outer wheel) ——c——
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AASHO Road Test Section 627
Axle Load = I8k

Thickness: Surface = 4in.
Base = 3 in.
Subbose = 4 in

T

p= | [%4 K Q. p § (%
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Time {months) g

Fig A8.49. Observed versus calculated
roughness index, RI.

AASHO Road Test Section 453
Axie Lood = 22 .4 k
Thickness: Surface = 4 in.

-~ 20 Base =6in.

> Subbase = 8 in.
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Fig A8.51. Observed versus calculated
roughness index, RI.

QObserved (inner wheel) — o Colculated
Observed (outer wheel) — —=c-—

AASHO Road Test Section 629
Axle Load = I8 k
Thickness : Surface = 5in.
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Fig A8.50. Observed versus calculated
roughness index, RI.

AASHO Road Test Section 475
Axle Load = 22.4 k
Thickness: Surfoce = 5 in.

-~ 2.0 Bose = 9 in. ®

P Subbase = 4 in.
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Fig A8.52. Observed versus calculated
roughness index, RI.
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AASHO Road Test Section 483
Axle Load = 22 .4 k

Thickness: Surface = 5 in,
Base = Qin.
Subbase = 4 in.
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f‘ig A8.53. Observed versus calculated
roughness index, RI.

AASHO Rood Test Section 305
Axle Load = 30k

Thickness : Surface = 5 in.
Base = 6 in.
Subbose = 12 in.
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Fig AB.55. Observed versus calculated
roughness index, RI.

Observed (inner wheel) — —o—— Caiculated
Observed (outer wheel) ——c——

AASHO Road Test Section 487
Axle Load = 22.4 k
Thickness: Surface = 3in.; Base = 6 in.;

~ 2.0, Subbase =12 in.
> + ‘

Fig A8.54. Observed versus calculated
roughness index, RI,

AASHO Road Test Section 307
Axle Loaod = 30k
Thickness: Surfoce = Sin

—~ 20 Baose = 6 in.

l> Subbase =12 in.

Fig A8.56. Observed versus calculated
roughness index, RI.
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AASHO Road Test Section 311 AASHO Road Test Section 323

Axle Load = 30 k Axle Load = 30 K
Thickness: Surfoce = 6in. : Thickness: Surface = 4 in
—~ 20 Base = 9 in. —~ 20 Base = 6 in.
> Subbase = I12in. > { Subbase = 12 in.
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Fig A8.57. Observed versus calculated Fig A8.58. Observed versus calculated
roughness index, RI. roughness index, RI.
. AASHO Road Test Section 717 . AASHO Road Test Section 729
g Axle Load = 2 k g Axle Load = 2k
£ Thickness : Surface = {in. c Thickness : Surface = 2 in.
> 50 Base = 3in. > 50 Base = O
= Subbase = 4 in. = Subbase = 4 in.
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Fig A8.59. Observed versus calculated

present serviceability index Fig A8.60. Observed versus calculated

pPresent serviceability index.

Observed {inner wheel) — —— — Colculoted —-——
Observed (outer wheel) ——c—— i
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AASHO Road Test Section 743 AASHO Road Test Section 710

3 Axle Load = 2k 3 Axle Load = 6k
£ Thickness: Surface = lin. £ Thickness: Surface = 2 in.
>~ 50 Base = 5 in. > 50 Base = 3 in.
= Subbase = O = » Subbase = 4 in.
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Fig A8.61. Observed versus calculated Fig A8.62. Observed versus calculated
present serviceability index. present serviceability index.
. AASHO Road Test Section 742 . AASHO Road Test Section 744
> Axle Load = 6k 3 Axle Load = 6k
2 Thickness: Surface = 2" £ Thickness * gurfoce ; lin.
> 560 Bose = 3in. > ase = Sin.
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Fig A8.63. Observed versus calculated Fig A8.64. Observed versus calculated
present serviceability index. present serviceability index.
Observed (inner wheel) — —— — Colculated e

Observed {outer wheel) ——oc——
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AASHO Road Test Section 151
Axle Load = 12k
Thickness : Surface = 4in.
50 Base = 3 in.
Subbase = 4in.
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Fig A8.65. Observed versus calculated
present serviceability index.

AASHO Road Test Section 163

Axle Load = 12k

Thickness : Surface = 3 in.
Base = O
Subbase = 4 in.
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Present Serviceability Indgx,

Fig A8.67. Observed versus calculated
present serviceability index.
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Observed (outer wheel) ——c——
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AASHO Road Test Section 159

Axle Load = 12k

Thickness : Surface = 2 in.
Base = 3 in.

Subbase = B in.
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Present Serviceobility Index,

Fig A8.66. Observed versus calculated

present serviceability index.

AASHO Road Test Section 607
Axle Load = I8k

Thickness : Surface = 3 in
Base = O
Subbase = 8 in.
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Fig A8.68. Observed versus calculated

present serviceability index.
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AASHO Road Test Section 615
Axle Load = 18k
Thickness: Surface = 5in.
50 Bose = © in.
Subbase = 4 in
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- 3.0
L

e 20
1.0

Present Serviceobility Index,

Flg A8.69. Observed versus calculated
present serviceability index.

AASHO Raad Test Section 627
Axle Load = I8 k
Thickness : Surface = 4 in.

Base = 3 .
Subbase = 4 in
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Present Serviceability Index,

Fig A8.71. Observed versus calculated
present serviceability index.

Observed {inner wheel) — —o—
Observed {outer wheel) ——c——

AASHO Road Test Section 625
Axle Load = 18k

Thickness: Surface =
i

4in.
Base = & in.

n

50& Subbose = 12 in.
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Fig A8.70. Observed versus calculated

present serviceability index.

AASHO Road Test Section 629
Ax‘re Loaod = 18k
Thickness: Surface = 5in.

50 Base = 6 in.
Subboase = 4 in.
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Fig A8.72. Observed versus calculated .

present serviceability index.
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AASHO Road Test Section 453
Axle Load = 22.4 k
Thickness: Surface = 4 in.

' Base = 6in.
Subbase = 8 in.

Present Serviceability Index,

Fig A8.73. Observed versus calculated
present serviceability index.

AASHO Road Test Section 483

g Axle Load = 22.4 k
£ Thickness: Surface = 5 in.
> 50 Base = 9 in.
= Subbase = 4 in.
5 40
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Fig A8.75. Observed versus calculated
present serviceability index.

Observed (inner wheel) — —o— — Calculated
Observed (outer wheel) ——c——

AASHO Road Test Section 475
Axle Load = 22.4 k
Thickness: Surface = 5 in.
50 Base = 9in.
Subbase = 4 in.

Present Serviceability Index,
psi
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Fig A8.74. Observed versus calculated

present serviceability index.

AASHO Road Test Section 487
Axle Load = 22 .4k

Thickness : Surface = 3in.
50 Base = 6in.
Subbase = 12 in.
4.0

3.0

psi
n
o

Present Serviceability Index,

Fig A8.76. Observed versus calculated

present serviceability index.
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AASHO Road Test Section 305
Axle Load = 30 k

Thickness: Surface = 5 in.
Base = 6 in.
Subbase = |12 in.
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Fig A8.77. Observed versus calculated
present serviceability index.

AASHO Road Test Section 311
Axle Load = 30k
Thickness : Surface = 6 in.
Base = 9in.
Subbase =12 in.
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Fig A8.79. Observed versus calculated
present serviceability index.

Observed {inner wheel) — —— —
Observed {outer wheel) ——c——

Calculated

AASHO Road Test Section 307
Axle Load = 30 k
Thickness : Surface = 5 in.
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> 50 Bose = 6in.

= Subbase = 12 in.
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Fig A8.78. Observed versus calculated

present serviceability index.

AASHO Road Test Section 323
Axle Load = 30k

Thickness: Surface = 4 in.
Base = 6 in.
Subbase = 12 in.

Present Serviceability Index, -

S
o

Fig A8.80. Observed versus calculated

present serviceability index.
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APPENDIX 9

COMPUTER INPUT AND OUTPUT FOR EXAMPLE PROBLEMS



TABLE A9.1. EXAMPLE PROBLEM

THE CONSTRUCTION MATERIALS UNDER CONSIDERATION ARE

335

MATERIALS cosT STR. MINe MAXe SALVAGE TRIAXIAL
LAYER COUE NAME PER CY COEFF., DPEPTH DEPTH PCToe CLASS
1 A ASPHALT CONCRETE 10,00 o 44 3.00 3,00 5000 «50
3 C SUBRASE MATERIAL 2.00 o1l 8,00 Bs00 5000 3.70
SUBRGKADE 0,00 0,00 0,00 0,00 0.00 5.60
NUMBER OF OUTPUT PAGES DESIRED(R DESIGNS/PAGE) 3
TOTAL NUMBER OF INPUT MATERJALS+EXCLUDING SUBGRADE 3
LENGTH OF THE ANALYSIS PERIOD (YEARS) 2e2
wWIDTH OF EACH LANE (FEET) 12,0
REGIONAL FACTOR 1.0
SERVICEABILITY INDEX OF THE INITIAL STRUCTURE 4e?
SERVICEABILITY INDEX Pl AFTER AN OVERLAY 4e2
MINIMUM SERVICEARILITY INDEX P2 1.5
SWELLING CLAY PARAMETERS == P2 PRIME 4420
B1 00000
ONE=NIRECTION AUT Al BEGINNING NF ANALYSIS PERIOpD (VEHICLES/ULAY) 1370
ONE=DIRECTION ADT Al END OF ANALYSIS PERIOD (VEHICLES/DAY) 1371
ONE<N{RECTION 2=YR ACCUMULATEN NOs OF EQUIVALENT 18=KIP AXLFS 1102700
PROPORTION OF ADT ARRIVING gacH HOUR OF CONSTRUCTION (PERCENTY 600
THE RUAU IS IN A RURAL AREA,
MINIMUM TIME TO FIRST OVERLAY (YEARS) 5
MINIMUM TIME BETWEEN OVERLAYS (YEARS) 5
TIME T0 FIRST SEAL COAT AFTEK INITTAL OR OVERLAY CONSTe (YEARS) 2e2
TIME BETWEEN SEAL CUATS (YEARS!) 22
MAX FUNDS AVAILARLE PER SQ.YD, FOR INITrAL DESIGN (UOLLARS) 15.00
MAXIMUM ALLOWED THICKNESS OF INTTIAL CONSTRUCTION (INCHES) 500
MINIMUM OVERLAY THICKNESS (INCHFS) 00
ACCUMULATEND MAXIMUM DEPTH OF ALL OVERLAYS (INCHES) 840
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR) 7540
ASPHALTIC CONCRETE COMPACTED DENSITY (TONS/C.Ye) 1.80
CoeLe UISTANCE OVER WHICH TRAFFIC IS SLOWED IN THE OeDe (MILES) 000
CelLe UTSTANCE OVER WHICH TRAFFIC IS SLOWED IN THE NeOoDe (MILFS) 0,00
DETOUR DISTANCE AROUND THE OVERLAY ZONF (MTLES) 0600
OVEKLAY CONSTRUCTION TIME (HOURS/UDAY) 00
NUMBER OF OPEN LANES IN RESTRICTED LONE IN Oe4ne 1
NUMBER OF OPEN LANES IN RESTRICTED ZOME IN N,0.0, 2
PROPORTION OF VEHICLES STOPPEN AY RUAD FAYTPMENT IN O.De (PERCENT) 0.00
PROPORTJON OF VEHICLES STOPPER RY RUAD FQUTPMENT IN NeOopde (PERCENT) 000
AVERAGE TIME STOPPEU BY ROAD EWUIPMENT IN 0epe (HOURS) 0.000
AVERAGE TIME STOPPEU BY ROAD EWUIPMENT IN MeO,De (HUYRS) 0.000
AVERAGE APPROACH SPEEU TO THE OVERLAY ZONE (MPH) 350
AVERAGE SPEED THROUGH OVERLAY ZONE IN 0,Ds (MPH) 35,0
AVERAGE SPEED THROUGH OVERLAY ZONE IN NOel'e (MPH) 35,0
TRAFF1C MODEL USED IN THE ANALYSIS 3
FIRST YEAR COST OF ROUTINE MAINTENANCE (DOLLARS/LANE MILE) 50,00
INCREMENTAL INCREASE IN MAINT, cOST PER YFAR (DOLLARS/LANE MIE) 2000
COST UF A SEAL COAT (DOLLARS/LANE MILE) 900,00

INTEREST RATE OR TIME VALUE OF MONEY (PFRCENT)

Se0



TABLE A9.2. EXAMPLE PROBLEM

FOR THE 3 LAYER DESIGN WITH THE FOLLOWING MAJERIALS==

MATERIALS cos’t STR. MIne

LAYER COUE NAME PER CY CUEFF, nREPTH
1 A ASPHALT CONCRETE 10.00 A 3400

2 R BASE MATERIAL 5000 a14 6000

3 C SURBASE MATERIAL 2.00 o111 800
SUBBGRADE Ge 00 0400 0e00

MAX .
DEPTH
300
6400
Be00
V.00

336

SALVAGF TRIAXIAL

3 THe OPTIMAL DESIGN FOR THE MATERIALS UNNRER CONSIVERATION=-
FUR INITIAL CONSTRUCTION THF DEPTHS SKOULD BF

ASPHALT CONCRETE 3.0 INCHFS
BASE MATERIAL 6400 INCHFS
SUBBASE MATERIAL B+00 INCHFS

THE LIFE OF THE INITIAL STRUCTURE = .59 YEARS

THE OVERLAY SCHEDULE IS

2450 INCHIES) (INCLUDING 1 INCH LEVEL=-UP) AFTER

TOTAL LIFE = 3.06YEaRSy
THEME SHOULL NOT BE ANY SFAL COATS.

PCTe CLASS
50400 50
5000 1.00
5000 3.70

De00 5¢60

«e59 YEARS.

THE TOTAL COSTS PER SQ. YDe FOR THESE CONSIUERATIONS ARE

INITIAL CONSTRUCTION COST 20111
TOTAL ROUTINE MAINTENANCE COST t0lo
TOTAL OVERLAY CONSTRUCTIUN €OST vhb)
TOTAL USER COST purliIng

OVERLAY cONSTRJCTION D«000
TOTAL SFAL COAT cosT 0000
SALVAGE VALUE -1413%
TOTAL OVERALL COST 1e651

NUMBER OF FEASIBLE DESIGNS FXAMINED FOP TWIS SET <=

AT THE OPTIMalL SOLUTION,THE FOLLOWING

ROUNDARY RESTRICTIONS ARE ACTIVEww
1« THE MINIMUM DEPTH OF LAYER
2e IHE MAXIMUM DEPTH OF LAYER
3¢ THE MINIMUM DEPTH OF LAYER
4e THE MAXIMUM DEPTH OF LAYER
5. IHE MINIMUM DERTH OF LAYER
6e THE MAXIMUM DEPIH OF LAYER

W N N e e

A SUMMARY OF THE BEST DESIGN FOR EACH COMBINATION
OF MATERIALSs IN ORDER OF INCREASING TOTAL COST

DESTIGN NUMBER TOoTaL CnST
3 1,691

THE MATERIALS ASSOCIATED WITH FACH OF THE FOLLOWING DESiGN

NUMBERS DO NOT HAVE AT LEAST ONE FEASIRLE DESIGN.

1
2



LAY
1
2
3
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TABLE A9.3. EXAMPLE PROBLEM

THE CONSTRUCTION MATERIALS UNDER CONSIUERATION ARE

MATERIALS cosT STR, MINe MAXe SALVAGE TRIAXIAL

ER COUE NAME PER CY COEFF, DNEPTH  DEPTH PCTe  CLASS

A ASPHALT CONCRETE 4440 044 2.0V €.00 S0e00 50

B BASE MATERIAL le40 el4 300 9400 5000 1¢00

C SUR BASE MATERIAL 1010 el 4000 1600 5000 3.70

SUB GRADE 0000 0.00 0000 0000 0000 5060
NUMBEK OF QUTPUT PAGES DESIRED(R DESIGNS/PAGE) 3
TOTAL NUMBER OF INPUT MATERTAILS+EXCLUDING SUBGRADE 3
LENGTH OF THE ANALYSLS PERIOD (YEARS) 242
WIDTH OF EACH LANE (FEET) 120
REGIONAL FACTOR 1.0
SERVICEABILITY INDEX OF THE INITIAL STRICTURE 402
SERVICEABILITY INUDEX Pl AFTER AN OVERLAY 4e2
MINIMUM SERVICEARILITY INDEX P2 15
SWELLLING CLAY PARAMETERS == p2 PRIME 4420
K1 0.0000
ONE=pDLRECTION AUT AT BEGINNING nF ANALYSIS PERIOp (VEHICLES/DaY) 1370
ONE=-DLIRECTION ADT AT END OF ANALYSIS PERION (VEHICLES/DAY) 1371
ONE=DLRECTION 2=YR ACCUMULATEN NOe OF EQUIVALENT 18=KIP AXLES 1102700
PROPOKTION OF AUT ARRIVING EACH HOUR OF CONSTRUCTION (PERCENT) 640

THE ROAD IS IN A RUKAL AREA,

MINIMUM TIME TO FIRST OVERLAY {YEARS) 22
MINIMUM TIME BETWEEN OVERLAYS (YEARS) 2e2
TIME 10 FIRST SEalL COAT AFTER INITIAL OR OVERLAY CUNST.{YEARS) 2.2
TIME BETWEEN SEAL CUATS (YEARS) 242
MAX FUNDS AVAILARLE PER SUeYhe FOR INITTIAL DESIGN (UOLLARS) 15,00
MAXIMUM ALLOWED THICKNESS OF INTTIAL CONSTRUCTION (iINCHES) 600
MINIMUM OVERLAY THICKNESS (INCHFS) 00
ACCUMULATED MAXIMUM DEPTH OF all OVERLAYS (INCHES) 040
ASPHALTIC CONCRETE PROUUCTION RATE (TONS/HOUR) 715.0
ASPHALTIC CONCRETE COMPACTED DENSITY (TNNS/Ceve) 1,80
CelLe DISTANCE OVER WHICH TRAFFIC IS SLOWED IN THE Oele (MILES) 0400
CoelLe UISTANCE OVER WHICH TRAFFIC IS SLOWED IN THE NeOeDe (MILES) 0.00
DETOUR DISTANCE AROUND THE OVERLAY ZONE (MJLES) 0,00
OVERLAY CONSTRUCTION TIME {(HOURS/DAY) 0e¢0
NUMBER OF OPEN LANES IN RESTRICTED ZONE IN UeDe 1
NUMBEKR OF OPEN LANES IN KESTRICTED ZONE IN N,Dl.L, 2
PROPORTION OF VEHICLES STOPPEN RY R0OAD FQUTPMENT IN 0,0, (PERCENT) 0.00
PROPOKTION OF VEHICLES STOPPEN RY ROAD FQUIPMENT IN NeOeUes (PERCENT) 0.00
AVERAGE TIME STOPPED RY ROAD EWHIPMENT IN 0sD. (HOURS) 0.000
AVERAGE TIME STOPPEV BY ROAD EWUIPMENT TN MeO,Ue (HUURS) 0,000
AVERAGF. APPROACH SPELED TO THE OVERLAY 20NE (MPH) 3540
AVERAGE SPEED THROUGH OVERLAY Z0ONE IN 0,D. (MPH) 35.0
AVERAGE SPEED THROUGH OVERLAY ZNNE IN N,O,Ne (MPH) 35,0
TRAFFLCc MODEL USEL IN THE ANALYSIS 3
FIRST YEAR CUST OF HOUTINE MAINTENANCE (DOLLARS/LANE MILE) 50,00
INCREMENTAL INCREASE IN MAINT, CcOST PER YEaR (DOLLARS/LANE MILE) 20,00
COST UF A SEAL COAT {(DOLLARS/LANE MILE) 900,00

INTEREST RATE OR TIME VALUE OF MONEY (PFRCFNT) 5.0
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TABLE A9.4. EXAMPLE PROBLEM

SUMMARY OF THE BEST DESIGN STRATEGIES
IN ORDER nF TNCREASING TOTAL COST

1 2 3 4 ) (3 7 8
2222 eyl R g LRy eyl r -y ey Yy xx 2y
MATERIAL ARRANGEMENT ABC ABC ABC ABC ABC AR AsC ABRC
INIT, CONST, COST 1e022 14022 16022 16022 16022 1len22 10022 1le022
OVERLAY CONSTe COST 0¢000 0,000 V,000 (e000 0e000 0,000 04000 04000
USER COST 04000 0,000 V000 04000 0900 04000 0000 04000
SEAL COAT COST 06000 C.000 Vo000 0000 0e000 06000 04000 0.000
ROUTINE MAINT. COST 017 V17 o017 017 3917 017 017 017
SALVAGE VALUE “e459 @, 459 =, 4590 =,459 =e459 ~,459 <.459 =,459

222X 2R 2R A 022 A Xl ey A e Al el Ry ey gy Xy X
LT TR 222 R 222 Ry Ry e eyl r ey eyl Yy yy]
TOTAL CcusT «280 .50 «58n o580 1.1 #5860 «580 «580

(22T YT R LR 4222222 2222 eyl Ry el e -l ey Y XY XY Y]
L2222 X222 2 2 0 22222yl yy ey ey ey iy ey ey
NUMBER OF LAYERS 3 3 3 3 3 2 3 3

LY TR RN 2 LR L2000 2 LR X2 ey YLy ey gy yyyyyy sy

LAYER pEPTH (INULRES)

DLy 450 4.25 4000 300 2015 5.50 375 3.50
D2y 9,00 9,00 9,00 9,00 Gev0 9,00 9.00 Y.00
U(3) 4000 5,00 6,00 10600 11euD 700 &.00

QQQQQGQGGGQQQGQQQ#QQQ“QGQG&GQQGQGQ“QQQGQQQGGQQGQGQQGQGQQQGGQGQGQQQGQGQGGQQGGQQ
22T 2R R 2 A R Al LYYy Y BT 2L L LY

NO.OF PERF+PERIUDS 1 1 1 1 1 1 1 1
YT R XYY 22 2R X1 22 2-22-2-2-FFYYFL LT Y- YR -2 X228 -2-2-2-2- 2 R-T- Y- X-X 22 -2-X-X-%. 2 8-
PERF. TLME (YEARS)

T(L) 24 2.4 24 240 24 2.4 Dol 2.4
YT XR R X R Y- 2R 2-2-2-2- 22 -4 222Ny F- ¥R FL-L-RLFE ey Y- 27 %- 'L 22 X-2-2- X R -2 R-Y - X-2-2-2-2-2-2- X -X-X K- ¥R
OVERLAY POLICY (INCH)
(INCLUNING LEVEL=UP)
LYY R RY-R YRR 2L X-2-F- 2 F-2-L-F-K-X-F-F-X- FTRFRFFRFFTLIL-FR P FIL-L-2T-L-F-X-F-2-2-2-2-X-F-2-2. -2 XX 2.2 2-2-2-2-2-2-2-%- % ¥-%.3
NUMBER UF SEAL LOATS 0 n 0 0 0 0 0 0
Yy ey Y-y 2- -2 222 22X EEER-LEL- LR LR R FR- R R -2 2R - PR - AR XTY-E-2-2-R-0-2- R Y- 2. X-2-2-2-2 X% R ¥R
SEAL COAT SCHEDULE

(YEARS)
LYY LR LA DA LAY YR L AL e LR R R 2 Y 2R RN Y

(Continued)
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TABLE A9.4. (Continued)

SUMMARY OF THE BEST DESIGN STRAITEGIES
IN ORDER OF INCREASING TOTAL COST

9 10 11 12 13 lé4 15 16

22T YTYIZ2 s YRR 2y -2l YTy Yy ey Xy Yy rr sy re s 2 2y Y
MATERIAL AKRANGEMENT ABRC A8 ARC ABC ABC ARC Ag8C ARC

INIT. CUNST. COST 16022 1024 14026 Jep24 16024 1024 10024 14024
OVERLAY CONST. COST UeGO0 0,000 0.000 04000 0ed00 0,000 04000 04000
USER COST 0000 0000 0.000 0000 00900 0.000 0000 0000
SEAL COAT COST Ve000 0,000 U,000 04000 04000 0.000 04000 04000
ROUTINE MAINT. COST 017 017 017 0017 evli7 017 e 017 0017
SALVAGE VALUE “e459 = 4hK0 o460 =e4hU o460 =460 =e460 "e460

(XL AL AL R LA LSRR YR R YR R R R R R R R Y
L2222 2R L2 AL XA ALYyl Y R R LYY
TOTAL CusT «280 «2n0 «580 «5H80 580 CY-1Y «580 580

LYY L AR AL Y Y LYY L YT LY YRR YR R R
FEPEE TR E e et g T Y Y PR Y TR L 2 g 3 g P F R P PR Y L ey

NUMBER OF LAYERS 3 4 3 3 3 3 3 3

L2222 A4 AL A X LY R LR YRR R R Y

LAYER DEPTH (INLHES)

D(l) 3.25 q.") 4.75 ‘*050 4425 3.75 3.50 3.25
L¢e) 9400 R,258 B,25 R,25 Bec5 8,725 Re25 5,25
D(3) Se00 4,00 Se0D 6eV0 Be0n0 9.00 1000

LY X2 AT L LAY LR R XYL YRR T2 R RN
XYY T Y s L L LR 2T R - LR R TR TR T T Y Y Y- Y R TRy R
NO.QOF PERF.PERIVDS 1 1 1 1 1 1 1 1

LY TR AL LR R R AT R R YL TR R XA R R R R R
PERF. TIME (YEARS)

T(1) 2eb 2.9 2ol el 2ol Cobs Peb Cel
LT 2R L AL AL 2Ly R 2RI TR L L TR T R L
OVERLAY POLICY (INCH)

(INCLUNDING LEVEL=UPR)

L2222 R L- LA TR LR A RN R R X LR R
NUMBER UF SEAL LOATS 0 0 0 0 Y 0 0 0
BN R RN R R RO R E RO RSO RR R R UL RO R ERRERLEIRERERBRRBRORRERRORORERR G
SEAL COAT SCHEDULE

(YEARS) .
T T YRR IR LR LR AR A L e R R L R AL R R R R R T T Y R R R L Y

(Continued)
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TABLE A9.4. (Continued)

SUMMARY OF THE BEST DESIGN STRATEGIES
IN ORDER OF INCREASIMG TOTAL COST

17 1R 19 ?0 21 22 23 ¢4

LYY TR R XY L Rl el R L LR LYY R L R Y R
MATERIAL ARRANGEMENT ABC ABC ABC AB ABC ARC ARC ABC

INIT, CUNST, COST 16024 14074 14026 14025 1eu25 14025 14025 1.025
OVERLAY CONST. COST 0,000 0,000 0,000 0e000 06000 0,000 04000 0.000
USER COST 06000 0,000 0,000 04000 06000 0,000 0.000 0.000
SEAL CODAT COST VeOUD 0,000 0,000 04000 0s000 0000 04000 UL000
ROUTINE MAINT, COST 17 «017 o017 o017 eUl7 n1l7 017 o017
SALVAGE VALUE 0460 =,460 =460 =44h0 =460 =460 =460 =,460

#Q}GQ#QQQQQQQQQQQ“QOOQQQ4“’O#QQQQQOQO“ﬁﬁ#ﬁ&cﬁﬁﬁﬁﬁQQQﬁ#ﬁﬁﬁﬁﬁﬁﬁ&&aﬁﬁﬁ@ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
LT LA LA LAL ALY LLL LA L LR Rl L Xk YY)
TOTAL CusT ¢980  ,580  .580 581 <281  ,581  .581  ,581
#QQGQGQGﬁﬁ@ﬁﬁﬁﬁQﬂﬁﬁﬁQ*#ﬁéﬁ@ﬁﬁﬁ#ﬁﬁﬁﬁﬁ#ﬂﬁ#ﬁccﬁﬁﬁﬁu##oﬁ#“ﬂﬁﬁﬁ#ﬁcﬁﬂﬁ#o&ﬁﬁ.ﬁﬁﬁﬁ@ﬁ#ﬁ
LYY LAY -0 -0 F-X- XYY R - R LY.L LR L RPN R LYY
NUMBER UF LAYERS 3 3 3 2 3 3 3 3

LR TR LR LR YRR LR YRR RS R R LR YY)

LAYER DEPTH (INCHES)

D) 3400 2.75 4e00 €00 5600 475 4¢50 4425
0(e) B8.25 H,25 8,25 Te.5) Te50 7.50 7450 7.50
Us) 11e00 12400 T.00 4eul  S.n0 6040 T.00

(Y2 X-R R0 A A4 LD AL ALYy l-r ALy 2y Yy Ll EY-E-2 AR -0 kX 2 X
YT ERRR A T R L ER L AL LYY LR YRR AR YRR XY 2L R XN R
NO+OF PERF ¢PERIVDS 1 1 1 1 1 1 1 1
LR R R R LR LAl YL 2L YL LR R YRR YRR R LR R
PERF. TIME (YEARS)

T 2e4 2.4 244 Dot 2e¢ 2e4 Db cet
LR XX XYL AL LR L0 L0 2-2°R-X-R¥-2-29.2-F 9. X-LTRTRTR-R-F-2. - XX FRIE-L 202 LTI N-RTRIETRTRE TR R RN
OVERLAY POLICY (INCH)

(INCLUDLING LEVEL=UP)

2T X YT R 2L A LR ALY YL L L LA LA T DY LL X XX R
NUMBER uF SEAL LOATS 0 0 J 0 v 0 0 0
TR Y LD L LR YRR LYY LYY L 2L LY YR LR X
SEAL COAT SCHEDULE

(YEAKS)
YRR e epeee e Py 2 Y Y.L E X FR R R PR R PR LRI e gy R Y PR PR R R e e Y- YT 2 XN T

THE ToTAL NUMBER oF FEAQIRLE LESIGNS CONSIDEREDL WAS 993
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TABLE A9.5. EXAMPLE PROBLEM

THE CONSTRUCTION MATERIALS UNDER CONSIDFRATION ARE

MATERIALS cosT sTR, MIN, MAXe SA[VAGE

ER CODE NAME PER CY COEFFs NFPTH DEPTH PCT,

A ASPHALT CONCRETE 10,00 «90 3,00 3,00 50,00

B BASE MATERIAL 5400 045 6,00 6,00 50,00

C SURBASE MATERIAL 2,00 30 8,00 8,00 50,00

SURBGRADE 0,00 J17 0,00 0,00 n,00
NUMBER OF OUTPUT PAGES DESIRED(A DESIGNS/PAGE) 3
TOTAL NUMRER OF INPUT MATERIALS+EXCLUDING SUBGRADE 3
LENGTH OF THE ANALYSIS PERIOD (YEARS) 2.2
WIDTH OF FACH LANE (FEET) 1240
DISTRICT TEMPERATURE CONSTANT 3040
SERVICEABILITY INDEX OF THE INTTIAL STRUCT!RE 4¢2
SERVICEABILITY INDEX Pl AFTER AN QVFRLAY 4,2
MINIMUM SFERVICEABILITY INDEX P2 1.5
SWELLING CLAY PARAMETERS == P2 PRIMF 4,20
Bl 0,0000
ONE-DIRECTION ADT AT HEGINNING OF ANALYSIS PERINAD (VEHICLES/DAY) 1370
ONE«-DIRECTION ADT AT END OF ANALYS!S PERION (VEHICLES/DAY) 1371
ONE-DIRECTION 2=-YR ACCUMULATEND NO, OF EQUTVALFNT 18«KIP AX_ES 1102700
PROPORTION OF ADT ARRIVING EACH HOUR OF cOMSTRUEGTION (PERCENT) 60

THE ROAD 1S IN A RURAL AREA,

MINIMUM TIME TO FIRST OVERLAY (YEARS) 5
MINIMUM TIME BETWEEN OVERLAYS (YEARS) o5
TIME TO FIRST SEAL COAT AFTER INITIAL OR OVFRLAY CONSTe (YFARS) 2.2
TIME BETWFEN SEAL COATS (YEARS) 2,2
MAX FUNDS AVAILABLE PER SQ,YD, FOR INITIAL NESIGN (NOLLARS) 15,00
MAXTMUM ALLOWED THICKNESS OF INTTIAL CONSTRUCTINN (INCHES) 60.0
MINIMUM OVERLAY THICKNESS (INCHES) 0.0
ACCUMULATED MAXIMUM OEPTH OF ALL OVFRLAYS (TNCHFS) 8.0
ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HAIIR} 7540
ASPHALTIC CONCRETE COMPACTED DENSITY (TANS/C,Y,.) 1.80
Cel, DISTANCE OVER WHICH TRAFFIC IS SLOWED YN THE 0,De (MILES) 0400
CeL, DISTANCE OVER WHICH TRAFFIr 1S SLOWED IN THE N.O.D., (MTLES) 0400
DETOUR pISTANCE AROUND THE OVER_AY ?0NE (MILES) 0400
OVERLAY CANSTRUCTION TIME (HOURS/DAY) 0.0
NUMBER OF OPEN LANES IN RESTRICTED ZONE IN n,D, 1
NUMBER OF OPEN LANES IN RESTRICTED ZONE IN N,O,Ne 2
PROPORTION OF VEHICLES STOPPED RY ROAD FQUTPMENT IN 04D, (PERCENT) 0,00
PROPORTION OF VEHICLES STOPPED RY ROAD FQUTPMENT IN NeOyDe (PERCENT) 0400
AVERAGE TIME STOPPED BY ROAD EQUIPMENT IN n,D, (HOURS) 0,000
AVERAGE TYME STOPPEN BY RQOAD EQUIPMENT IN N,0.De (HOURS) 0,000
AVERAGE APPROACH SPEED TO THE OVERLAY ZONE (MPH) 35.0
AVERAGE SPEED THROUGH OVERLAY 20NE IN 0,D, (MPH) 35,0
AVERAGE SPEED THROUGH OVERLAY ZONE IN N,O.N, (MPH) 35,0
TRAFFIC MODEL USED IN THE ANALYSIS 3
FIRST YEAR COST OF ROUTINE MAINTENANCE {DOLLARS/LANE MILE) S0.00
INCREMENTAL INCREASE IN MAINT, CcOST PER YEAR (DOLLARS/LANE MILE) 20,00
COST OF A SEAL COAT (UOLLARS/LANE MTLE) 900,00
INTEREST RATE OR TIME VALUE OF MONEY (PERCFNT) 5.0

(Continued)



TABLE A9.5. (Continued)

FOR THE 3 LAYER DESIGN WITH THE FOLLOWING MATERIA(L S==

MATERIALS cos?t STR, MIN, MAXe SALVAGE
LAYER CODE NAME PER CY COEFF., nNFPTH DEPTH eCT,
1 A ASPHALT CONCRETE lo,00 «90 3,00 3,00 50,00
2 R BASE MATERIAL 5,00 45 6,00 6,00 50,00
3 C SURBASE MATERIAL 2,00 «30 A, 00 8,00 S0,00
SURBGRADE 0,00 W17 0,00 0,00 0,00

3 THE ORTIMAL DESIGN FOR THE MATERTIALS UNNFR CONSIDERATION=w
FOR INITIAL CONSTRUCTION THE DFPTHS SHauD RE

ASPHALT CONCRETE 3,00 INCHFS
BASE MATERIAL 6,00 INCHFSQ
SURBASE MATERIAL 8,00 INCHFg

THE scl OF THE INITIAL STRUCTURE = 1,469
THE LTFE OF THE INITIAL STRUCTURE =  ,53 YFARS
THE OVERLAY SCHEDULE IS
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3,00 INCH{ES) {(INCLUDING 1 INCH LEVFL-UR) AFTER «53 YEARS,

TOTAL LIFE = 2,31YFARS/
THERE SHOULD NOT BE ANY SEAL CnATS,

THE TnTaL COSTS PER SQs YD, FOR THESE AANSINERATIONS aARF

INITIAL CONSTRUCTION €nST 2,111
TOTAL ROUTINE MAINTENANCE COST 014
TOTAL OVERLAY CONSTRUCTION CAST L7194
TOTAL USER COST NURING
OVERLAY CONSTRUCTIAN n,000
TOTAL SEAL COAT COST 0,000
SALVAGE VALUE -1,198
TOTAL OVERALL COST 1,721
NUMBER OF FEASIBLE DESIGNS FXAMINED FOR THIS SET ee 1

AT THE OPTIMAL SOLUTIONsTHME FOLLOWINA

ROUNDARY RESTRICTIONS ARE ACTIVE=a
le THE MINIMUM DEPTH OF LAYER
2. THE MAXIMUM DEPTH OF LAYER
3. THE MINIMUM DEPTH OF LAYER
4, THE MAXIMUM DEPTM OF LAVER
5S¢ THE MINIMUM DEPTH OF LAYER
6+ THE MAXIMUM DEPTH OF LAYER

@ tal O N >

A SUMMARY OF THE BEST DESIGN FoR EACH CAMBINATINN
OF MATERIALS* IN ORDER OF INCREASING TaTar cosT

DESIGN NUMBER TOTAL ¢nsT
3 1.721

THE MATERIALS ASSOCIATED WITH EAcH OF THE FOLLOWING DESIGN
NUMRBERS nO NOT HAVE AT LEAST ONE FFASIARLE NESIGN.

1
2
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